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RATIOS 
PART I. ENERGY ANALYSIS OVERVIEW OF 
NATIONS: CONCEPTS AND METHODS 
1 .  EMBODIED ENERGY AND NATIONAL OVERVIEW 
Overview p e r s p e c t i v e s  on whole n a t i o n s  and t h e i r  p u b l i c  
p o l i c i e s  have o f t e n  come from broad e d u c a t i o n ,  h i s t o r y ,  e x p e r i e n c e ,  
i n t e r p r e t a t i o n  o f  economic i n d i c e s ,  and common-sense wisdom, a l l  
d i f f i c u l t  t o  l e a r n .  A s  t h e  wor ld  moves i n t o  u n c h a r t e d  p a t t e r n s  
o f  c u l t u r e ,  t echno logy  and env i ronmenta l  r e l a t i o n s h i p s ,  b e t t e r  
ways a r e  needed f o r  g a i n i n g  overviews o f  n a t i o n a l  sys tems and 
t h e i r  p r o c e s s e s .  
I n  t h e s e  s t u d i e s  an  energy systems procedure i s  a p p l i e d  t o  
n a t i o n s ,  e v a l u a t i n g  t h e i r  e n e r g e t i c s  and b a s i s  f o r  economic 
v i t a l i t y .  N e w  p e r s p e c t i v e s  r e s u l t  on growth,  f o r e i g n  t r a d e ,  
d e f e n s e ,  env i ronmenta l  management, s t a n d a r d  o f  l i v i n g ,  c a r r y i n g  
c a p a c i t y  and f u t u r e  t r e n d s .  
Power and Value 
While acknowledging t h e  human i n d i v i d u a l  c h o i c e  o f  what i s  
v a l u a b l e  and u t i l i t a r i a n  from h i s  p e r s p e c t i v e ,  t h e  s o c i e t y  a s  a  
whole deve lops  ways t o  r e cogn i ze  and v a l u e  t h o s e  p a t t e r n s  t h a t  
succeed and h e l p  c u l t u r a l  s u r v i v a l .  I f  t h e s e  depend on t h e  r a t e  
o f  u s e f u l  work accomplished (power ) ,  t hen  e v a l u a t i o n s  of  work 
u l t i m a t e l y  p r e d i c t  what i s  v a l u a b l e  f o r  s u r v i v a l .  T h i s  t h e o r y  
o f  maximum power r eco g n i ze s  t h e  f l e x i b i l i t y  o f  energy t h a t  a l l ows  
e x c e s s  energy  a v a i l a b i l i t y  t o  be  used t o  meet a l l  o t h e r  needs ,  
e l i m i n a t e  s h o r t a g e s ,  r e c y c l e  m a t e r i a l s ,  and cause  t h e  de s igns  
t h a t  maximize power t o  p r e v a i l .  Considered over  l o n g  t i m e  
i n t e r v a l s ,  c o l l e c t i v e  human c h o i c e  r ecogn i ze s  what ha s  been 
s u c c e s s f u l  a s  v a l u a b l e .  Hence, energy a s  a  p r o p e r t y  o f  a l l  
o t h e r  f lows i s  t h e  common denominator  f o r  e v a l u a t i n g  t h e  r e s o u r c e  
b a s i s  f o r  economies. 
E a r l i e r  e f f o r t s  t o  use  energy and work a s  a  v a l u e  measure 
were d i s c a r d e d  p r em a t u r e l y .  They w e r e  n o t  ve ry  s u c c e s s f u l  
because  energy o f  v a r i o u s  t y p e s  were regarded  a s  e q u i v a l e n t ,  
whereas e n e r g i e s  o f  d i f f e r e n t  t ype  do n o t  accompl ish  s i m i l a r  
work. However, by c o n v e r t i n g  a l l  t y p e s  o f  energy i n t o  e q u i v a l e n t  
u n i t s  o f  one  t y p e  o f  energy ,  t h a t  o f  s u n l i g h t ,  v a r i o u s  commodities 
may be  compared on a n  e q u i v a l e n t  abi l i ty- to-do-work f o r  t h e  
combined system of  humanity and n a t u r e .  For  more e l a b o r a t e  
d i s c u s s i o n s  of  t h e  h i s t o r i c a l  r o o t s  and r a t i o n a l e  o f  t h e s e  energy 
t h e o r i e s  of  v a l u e  t h a t  w e r e  con t i nued  by M .  Boltzman and 
A . P .  Lotka,  s e e  r e c e n t  review (Odum 1 9 8 3 ) .  
Energy Sys t ems  A n a l y s i s  is  t h e  process  o f  r e p r e s e n t i n g  a 
system, such a s  a n a t i o n ,  wi th  a network diagram i n  which t h e  
pathways a r e  f lows of energy and t h e  pathway connect ions  
r e p r e s e n t  p roces ses  and e n t i t i e s  of t h e  system. With a s p e c i a l  
s e t  o f  symbols t h a t  have mathematical  and energy meanings, t h e  
energy network diagram shows i n  overview t h e  way energy sources  
gene ra t e  work processes  and t h e  workings of  t h e  economies of 
t h e  n a t i o n  and i t s  environmental  p a r t n e r .  Eva lua t ing  t h e  energy 
flows of  p r i n c i p a l  pathways prov ides  q u a n t i t a t i v e  measures of 
t h e  energy-economic system. 
Energy Language Symbols 
The overview of  a n a t i o n  i s  f a c i l i t a t e d  by diagrams t h a t  
show energy bases ,  c a u s a l  r e l a t i o n s h i p s ,  p a r t s ,  sou rces ,  and 
h i e r a r c h i c a l  r e l a t i o n s h i p s .  Energy language symbols (Odum 1971, 
1972, 1983) were used a s  given i n  F igure  1 . 1 .  Abundant forms of  
low q u a l i t y  a r e  drawn on t h e  l e f t  of a diagram and s c a r c e ,  h igh 
q u a l i t y  forms of energy a r e  on t h e  r i g h t .  Used energy pas ses  
o u t  through t h e  h e a t  s i n k  symbol a t  t h e  bottom of t h e  diagram. 
System boundar ies  a r e  de f ined  with  a r e c t a n g l e .  Def ining t h e  
boundary of c o n s i d e r a t i o n  a l s o  d e f i n e s  o u t s i d e  f lows a s  energy 
sou rces .  When' f lows and s t o r a g e s  a r e  eva lua ted  i n  u n i t s  of  s o l a r  
equ iva l en t  energy ( s o l a r  e q u i v a l e n t  j o u l e s )  t h e s e  numbers a r e  
w r i t t e n  on t h e  diagram t o  show a t  a g lance  t h e  r e l a t i v e  importance 
of t h e  i tem t o  t h e  n a t i o n ' s  economy. 
Pric Xd 
Energy circuit. A pathway whose flow is proportional to 
the quantity in the storage or source upstream. 
Source. Outside source of energy delivering forces according 
to a program controlled from outside; a forcing function. 
Tank. A compartment of energy storage within the system 
storing a quantity as the balance of inflows and outflows; 
a s ta te  variable. 
Heat sink. Dispersion of potential energy into heat that ac- 
companies all real transformation processes and storages; 
loss of potential energy from further use by the system. 
Interaction. Interactive intersection of two pathways cou- 
pled to produce an outflow in proportion to a function of 
both; control action of one flow on another; limiting factor 
action; work gate. 
Consumer. Unit that transforms energy quality, stores it, 
and feeds it back autocatalytically to improve inflow. 
Swirching action. A symbol that indicates one or more 
switching actions. 
Producer. Unit that collects and transforms low-quality 
energy under control interactions of high-quality flows. 
Self-limiting energy receiver. A unit that has a self-limiting 
output when input drives are high because there i s  a limit- 
ing constant quantity of material reacting on a circular path- 
way within. 
Box. Miscellaneous symbol to use for whatever unit or 
function i s  labeled. 
Constant-gain amplifier. A unit that delivers an output in 
proportion to the input I but changed by a constant factor 
as long as the energy source S i s  sufficient. 
Transaction. A unit that indicates a sale of goods or services 
(solid line) in exchange for payment of money (dashed). 
Price i s  shown as an external source. 
Figure 1.1. Symbols of the energy language used 
to represent national systems in 
overview (Odum 1983) . 
Generic Diagram of a Nation 
A typical diagram for a nation is given in Figure 1.2  with 
main types of sources and components. Land-use systems are on 
the left, economic processes are in the middle, and the consumers 
and urban users are on the right. Foreign trade is shown with 
the rest of the world on the right side. Feedbacks are drawn 
counterclockwise. See, for example, the feedback of human service 
in Figure 1.2.  
The Work of Nature 
The vitality of a national economy depends on the productive 
work of its people and machines and on the productive work of 
natural processes of the landscape (Figure 1 . 3 ) .  Often the produc- 
tive contributions of the landscape to the economy are indirect 
and not adequately recognized. Especially in underdeveloped 
countries, stocks of good soil, forests, minerals, water resources, 
coastal resources that utilize tide and waves, and favorable 
climates may be contributing to reduction of the human costs of 
living and economic operations, and reduction of the taxes that 
would be required if environmental services were less. 
Since the exchange of money is between humans, paid to each 
other for labor and services, money does not measure the produc- 
tive inputs of the environmental work that ultimately help give 
vitality to the economy and increase the gross national product, 
the real overall buying power of the economy. When payment is 
made for wood, agricultural products, fisheries' products, water, 
or minerals, that money is for the human service involved. The 
F i g u r e  1 . 2 .  Gener ic  diagram of  t h e  main f e a t u r e s  of  a  n a t i o n .  

work of n a t u r e  involved i n  developing t h e  product  i s  an a d d i t i o n a l  
c o n t r i b u t i o n  n o t  measured by t h e  money pa id  ( s e e  F igure  1 . 4 ) .  
To g a i n  an overview of a  coun t ry ' s  economic b a s i s  one must 
examine bo th  kinds  of p roduc t ive  i n p u t s ,  t hose  from n a t u r e ' s  work 
and those  from t h e  work of  humans. By p u t t i n g  both  i n  energy 
terms,  t hey  may be compared i n  t h e  same u n i t s .  F igu re s  1 .5  and 1 . 6 .  
show t h e  b a s i s  f o r  a  n a t i o n a l  economy i n  i t s  unpaid renewable 
r e sou rces ,  i t s  non-renewable s t o r a g e s  ( r e s e r v e s )  and i t s  
purchased i n p u t s .  The f lows of  money on ly  accompany p a r t  of  
t h e s e .  
Tables and diagrams of  energy s t o r a g e s  and flows a r e  prepared 
t o  show t h e  r e l a t i v e  importance of t h e  va r ious  c o n t r i b u t i o n s  t o  
t h e  economy inc lud ing  f o r e i g n  t r a d e .  A f t e r  a l l  i n p u t s  and s t o r a g e s  
a r e  eva lua ted  i n  energy u n i t s ,  they  may a l l  be p u t  on a  d o l l a r  
b a s i s  by t h e i r  p r o p o r t i o n a t e  e f f e c t  on t h e  t o t a l  money c i r c u l a t i n g  
( s ee  GNP i n  F igure  1 . 5 )  . 
Because energy flows o r  s t o r a g e s  of d i f f e r e n t  t ypes  a r e  of 
d i f f e r e n t  q u a l i t y ,  a c t u a l  c o n t e n t s  must be conver ted i n t o  equiva- 
l e n t s  o f  one type of  energy,  such a s  s o l a r  equ iva l en t  j ou l e s  o r  
c o a l  equ iva l en t  j o u l e s .  For example, when exp res s ing  t h e  amount 
o f  e l e c t r i c  energy f o r  comparison wi th  o t h e r  t ypes ,  one may mul t i -  
p l y  t h e  e l e c t r i c a l  energy by 4 . 6  t o  g e t  i t s  e q u i v a l e n t  wood 
energy.  See F igure  1 . 7 .  The energy of one type  ( i n  t h i s  ca se  wood) 
r equ i r ed  t o  gene ra t e  a  u n i t  of  energy of ano the r  type  ( i n  t h i s  
ca se  e l e c t r i c i t y ) ,  i s  def ined  a s  t h e  energy transformation ratio. 

economy 
I I w 
Energy used = 
I + F  
in equivalent 
units of the 
same quality 
Figure 1.5. Overview diagrams of a national economy. (a) Main 
flows of dollars and energy; ( b )  Summary of proce- 
dure for summing embodied energy inflows. Exports 
are subtracted only if they are raw products export- 




10" Calories per year & 11,297.6 
Aggregated model o f  the economy of the United States in 1974 showing renewable (sun) energy and 
fuel base that converge in value in labor. Values are flows o f  actual energy (Odum, 1978) .  
Figure 1.6. Natural economy aggregated in four sec- 
tors showing energy bases. 
Feedbacks from the same web 
-- ---- -- -------- --- 
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Energy transformation ratio = - 
1 
Figure 1.7. Diagrams illustrating energy quality transformations. 
(a) Abundant low quality energy is transformed by 
successive work to higher quality energy on the right; 
(b) Definition of energy transformation ration which 
relates energy to that which produces it. See 
Appendix A5. 
T h i s  r a t i o  i s  a  u s e f u l  measure o f  t h e  q u a l i t y  o f  an  i n p u t  
o r  p r o d u c t .  T a b l e s  o f  energy t r a n s f o r m a t i o n  r a t i o s  have been 
developed from many s t u d i e s  making i t  e a s y  t o  c o n v e r t  t h e  d a t a  
on energy  f lows  o f  a  c o u n t r y  i n t o  energy  v a l u e s  o f  one t y p e  o f  
energy ( i . e . ,  s o l a r  o r  c o a l  e q u i v a l e n t s ) .  See S e c t i o n  5 and 
t h e  Appendix. When t h e  energy  f lows  and s t o r a g e s  a r e  e x p r e s s e d  
i n  energy e q u i v a l e n t s  o f  one t y p e ,  t h i s  e x p r e s s e s  t h e  f lows  and 
s t o r a g e s  i n  te rms o f  what ene rgy  would be r e q u i r e d  t o  g e n e r a t e  
t h a t  f low i n  v a r i o u s  n e c e s s a r y  t r a n s f o r m a t i o n s .  The energy o f  
one  t y p e  t h a t  i s  r e q u i r e d  i s  c a l l e d  t h e  embodied energy of that 
type 
A f t e r  e v a l u a t i n g  a  n a t i o n ' s  main s t o r a g e s ,  i n p u t s ,  and 
p r o d u c t s  i n  u n i t s  o f  embodied energy  o f  one t y p e ,  any pathway 
may b e  e x p r e s s e d  i n  d o l l a r  e q u i v a l e n t s .  The p e r c e n t  t h a t  an  
i n p u t  i s  o f  t h e  t o t a l  n a t i o n a l  embodied energy  budge t  ( i n c l u d i n g  
env i ronmenta l  p r o d u c t s ) ,  i s  t h e  p e r c e n t  t h a t  i n p u t  i s  o f  t h e  
g r o s s  n a t i o n a l  p r o d u c t  ( s e e  F i g u r e  1 . 8 ) .  
I n d i c e s  and I n f e r e n c e s  
A f t e r  p r i n c i p a l  f lows  and s t o r a g e s  o f  a  n a t i o n  have been 
e v a l u a t e d  i n  u n i t s  o f  embodied s o l a r  ene rgy  ( s o l a r  e q u i v a l e n t  
j o u l e s ) ,  a  number o f  i n d i c e s  and a d d i t i o n a l  r a t i o s  may be  c a l c u -  
l a t e d  t o  h e l p  compar isons  among n a t i o n s ,  t o  p r e d i c t  t r e n d s ,  and 
e v a l u a t e  a l t e r n a t i v e  p o l i c i e s .  
The p r o p o r t i o n  of  embodied energy from w i t h i n  t h e  c o u n t r y  
compared t o  t h a t  impor ted  i s  a  measure o f  s e l f  s u f f i c i e n c y .  The 
p e r  c a p i t a  embodied energy  i s  a  measure o f  r e a l  s t a n d a r d  o f  l i v i n g  
Price paid for externality 
Externalities I 
- I 
- \  
\ 
Y 
$ Circulating as part of  GNP- - - - x st , Total embodied energy 
due t o  Source, S -=- S = S ,  tS, tS, 
GNP S- '  
Relation o f  externalities todol lar  circulation in an economy. The ultimate contribution of  theenviron- 
mental sources are much greater than rhe first price paid at point of  entry of  ;he inputs.Thecalcularion 
of  value in dollars per year is made b y  estimating the proportion the externality is of  the total f low o f  
embodied energv. This proportion o f  the GNP is due to the source evaluzted (Odum, 1981 ). 
Figure 1.8. Use of the energy proportion to esti- 
mate dollar circulation due to environ- 
mental resources. 
i n c l u d i n g  t h e  unmonied suppo r t  o f  i n d i v i d u a l s .  The embodied 
energy p e r  u n i t  a r e a  i s  a measure o f  t h e  i n t e n s i t y  o f  t h e  
economy. 
The r a t i o  o f  t h e  t o t a l  budget  o f  embodied energy t o  t h e  
t o t a l  d o l l a r  c i r c u l a t i o n  i n  any g iven  y e a r  p rov ides  a measure 
o f  i t s  buying power. Th is  r a t i o  i s  u s e f u l  f o r  e v a l u a t i n g  t h o s e  
human s e r v i c e s  t h a t  a r e  bought w i th  money. The a b i l i t y  o f  a  
n a t i o n  t o  suppo r t  popu la t i on ,  t o  e x e r t  i n f l u e n c e ,  o r  grow i s  i n  
p r o p o r t i o n  t o  t h e  n a t i o n ' s  embodied energy s t o r a g e s  and f lows .  
These measures can be  used t o  e s t i m a t e  what is  p o s s i b l e  i n  
programs and p l a n s  f o r  development. 
The c o n t r i b u t i o n  t h a t  t r a d e d  p roduc t s  make t o  t h e  coun t ry  
which r e c e i v e s  them i s  i n  p r o p o r t i o n  t o  t h e i r  embodied energy.  
The money t h e  economy pays f o r  raw p roduc t s  i s  o f t e n  f a r  less 
t han  t h e  embodied energy i n  t h o s e  p roduc t s  ( s e e  F i g u r e  1 . 8 ) .  The 
money p a i d  i s  f o r  t h e  human s e r v i c e  p a r t  o f  t h e  p r o d u c t ' s  
embodied energy n o t  f o r  t h e  t o t a l  work embodied. 
A coun t ry  r e c e i v i n g  raw produc t s  i n  t r a d e  f o r  f i n i s h e d  
p roduc t s  g e t s  more s t i m u l u s  t o  i t s  economy because  it i s  r e c e i v i n g  
t h e  r e s u l t  of  more u s e f u l  work. See F i g u r e  1 . 9 .  Underdeveloped 
c o u n t r i e s  o f t e n  c o n t r i b u t e  much more t o  t h e  economies o f  o t h e r  
c o u n t r i e s  when t hey  s e l l  a raw produc t  t han  i f  t h e y  had used t h a t  
raw produc t  a t  home. Money i s  an inadequa te  measure o f  t h e  
u l t i m a t e  economic e f f e c t  o f  p roduc t s  i n  f o r e i g n  t r a d e .  
The energy a n a l y s i s  procedures  a l s o  a l l ow  v a r i o u s  a l t e r n a t i v e s  
w i t h i n  a count ry  t o  be  ana lyzed  simply i n  advance t o  de te rmine  i f  
country i#1 country +2 
Finished goods 
Figure 1.9. Energy and money relations in foreign trade. Al- 
though a balance of payments may exist in dollars, 
more work-stimulating real buying power goes from 
left to right than is returned from right to left. 
Work of nature, W, is not recognized in the payments 
made for the raw products. 
the proposed activity will be economic or a drain to the economy. 
For example, if proposed sources of fuel (primary energy sources) 
do not yield more embodied energy than is required from the 
economy, they cannot be used to run the economy. Proposed 
investments to be economic must yield as much embodied energy 
for that purchased as competing systems of the same type at home 
or abroad. 
Where a proposed investment involves an environmental 
resource, an environmental impact, or a change in use of environ- 
ment, the new system can be judged in advance to be economic if 
it processes more embodied energy than alternative systems. 
Often a new system hurts an economy because the displaced former 
indirect environmental inputs to the economy were larger than 
the developed ones. The developed ones seemed to be more economic 
because they involved more visible human service and money-flow 
locally, whereas the indirect embodied energy supporting the 
economy was causing more unrecognized money flow in the gross 
national product. For example, a dam for hydroelectricity may 
eliminate services alreadystimulating the economy's real values 
more, such as migratory fish, wood cutting from self replacing 
forests, and water quality maintenance. 
The energy analysis procedures are also being used for site 
selections for roads, technological installations, waste disposal 
processes, housing, etc. Maps of embodied energy help identify 
localities that should not be disturbed because of the high 
value of their inputs to the economy. 
To h e l p  t h e  r e a d e r  unders tand t h e  method and a s  an i n t r o -  
d u c t i o n  t o  t h e  examples of n a t i o n a l  energy a n a l y s i s  which fo l l ow ,  
t h e  p rocedu ra l  s t e p s  used t o  develop each n a t i o n a l  energy 
a n a l y s i s  overview a r e  g iven .  
Procedure  
1 .  Assemble d a t a  on t h e  coun t ry ,  i t s  economic s t a t i s t i c s ,  
i t s  p h y s i c a l  s t a t i s t i c s ,  i t s  water  budge t s ,  i t s  l a n d  use  maps 
and pe rcen t ages ,  summaries o f  i t s  h i s t o r y ,  a ccoun t s  of i t s  
c u l t u r e ,  and major s e c t o r s  o f  p roduc t ion  by humans and by n a t u r e .  
Table  1 . 1  i s  a  l i s t  of i t ems  needed. 
2 .  Assemble a s  many people  a s  p o s s i b l e  who have expe r i ence  
i n  and knowledge about  t h e  count ry .  Ga ther  around a  t a b l e  w i th  
one person drawing an energy diagram f o r  t h e  coun t ry  a s  o t h e r s  
p r e s e n t  d i s c u s s  what t hey  b e l i e v e  t o  be  impor tan t  p a r t s .  Thus 
a  m o d e r a t e l y  comp lex  i n v e n t o r y  d iagram i s  prepared  f o r  t h e  
count ry  and i t s  subsystems showing t h e  main ways t h i n g s  t h a t  a r e  
be ing  p rocessed  and a r e  i n t e r a c t i n g .  An example i s  given  f o r  
A u s t r i a  (F igu re  1 . 1 0 ) .  Symbols a r e  t h o s e  of t h e  energy c i r c u i t  
language inven ted  f o r  t h e s e  purposes  (see Figu re  1 . 1 ) .  
3 .  From t h i s  expe r i ence  t h e  fo l l owing  l i s t s  a r e  made: 
( a )  Main f l o w s  from s o u r c e s  i n c l u d e  i n p u t s  from o u t s i d e  
t h e  coun t ry  i n c l u d i n g  environmenta l  i n p u t s  o f  sun ,  r i v e r ,  t i d e s ,  
g e o l o g i c a l  i n p u t s ,  e t c . ,  and c u l t u r a l  i n p u t s  such a s  popu la t i on ,  
i n fo rma t ion ,  d o l l a r  i nves tmen t s ,  f o r e i g n  t r a d e ,  e t c .  Also  
inc luded  a r e  f lows from t h e  s t o r a g e s  ( r e s e r v e s )  from w i t h i n  t h e  
coun t ry  i f  t hey  a r e  be ing  used up f a s t e r  t han  r ep l aced .  These 
Table 1 .1 .  Data needed f o r  energy a n a l y s i s  overview. 
GNP o r  t o t a l  income 
Annual i n s o l a t i o n  
Coarse land-use map o r  t a b l e  of a r e a s  ( f o r e s t ,  p a s t u r e ,  wi lder-  
nes s ,  urban a r e a ,  e t c . )  
Fuel  consumption 
Popula t ion ,  immigration 
Tonnages and mcney pa id  f o r  main imports  and e x p o r t s  ( i . e . ,  
g r a i n ,  c o a l ,  f i s h ,  e t c . )  
T o t a l  money i n  f o r e i g n  exchange 
R a i n f a l l  and l and  e l e v a t i o n s  of main watersheds  
Discharges o f  major r i v e r s  e n t e r i n g  and l eav ing  count ry  
Estimated e v a p o t r a n s p i r a t i o n  
Mean winds, w in t e r  and summer 
Rate o f  l and  u p l i f t  o r  r a t e  of  s o i l  e r o s i o n  
Organic c o n t e n t  i n  s o i l s  and s t and ing  f o r e s t s  
Percentage of economy i n  main s e c t o r s  ( i . e . ,  h e a l t h ,  government, 
defense ,  e t c .  ) 
E l e c t r i c  g e n e r a t i o n ,  u se ,  import ,  expor t  
Length of  c o a s t l i n e  ( i f  c o a s t a l )  
T i d a l  h e i g h t  ( i f  c o a s t a l )  
Mean wave h e i g h t  ( i f  c o a s t a l )  
Economic S t a t i s t i c a l  A b s t r a c t  i f  a v a i l a b l e  

i tems a r e  eva lua ted  i n  embodied energy terms i n  a  Table of Flows. 
I n  diagrams, o u t s i d e  sources  a r e  c i r c l e s  placed o u t s i d e  t h e  
boundary frame . 
( b )  Main storages within the country o f t e n  inc lude  
n a t u r a l  p roduc ts  such a s  s o i l s ,  m ine ra l s ,  f o r e s t s ,  and ground 
water  and a l s o  s t o r a g e s  of economic produc ts  such a s  housing 
a s s e t s ,  t r a n s p o r t a t i o n  a s s e t s ,  and power p l a n t s .  Items wi th  
tu rnover  t imes  l e s s  than  one year  a r e  n o t  inc luded  i n  t h i s  l i s t .  
Items with  longe r  t u rnove r  t imes a r e  t h e  ones eva lua t ed  i n  
embodied energy terms i n  a  t a b l e  e n t i t l e d  Table of Storages. I n  
diagrams,  s t o r a g e s  a r e  t ank  symbols. Flows from t h e s e  s t o r a g e s  
may d r i v e  t h e  n a t i o n ' s  economy o r  be expor ted .  
( c )  Major subsystems a r e  t hose  t h a t  need energy a n a l y s i s  
( i . e . ,  dams, mining a c t i v i t i e s ,  f o r e s t r y  a c t i v i t i e s ,  e t c . ) .  For 
t h e s e  a c t i v i t i e s  s e p a r a t e  diagrams a r e  prepared and e v a l u a t i o n s  
made. 
4 .  The Tables  of Flows and S torages  a r e  eva lua t ed  f o r  t h e i r  
embodied energy con ten t  i n  s o l a r  e q u i v a l e n t s  ( o r  c o a l  e q u i v a l e n t s ) .  
This i s  done wi th  a  s t anda rd  t a b l e  format:  
Energy 
Actual  t r ans fo rma t ion  Embodied 
Footnote  I tem energy r a t i o  energy 
The t a b l e  i s  completed wi th  t h e  fol lowing procedure:  
( a )  For each i t em t h e  a c t u a l  energy flow o r  s t o r a g e  i s  
c a l c u l a t e d  wi th  formulae given i n  Table 2 . 1 .  
( b )  The energy  t r a n s f o r m a t i o n  r a t i o  ( F i g u r e  1 . 5 )  if 
a v a i l a b l e  i s  t a k e n  from Table  3.1 i n  S e c t i o n  3. I f  none i s  
i s  a v a i l a b l e ,  one i s  e s t i m a t e d  from an a n a l y s i s  o f  t h e  p r o c e s s  
which deve lops  t h e  i t e m .  See  examples i n  t h e  Appendices.  
( c )  The a c t u a l  ene rgy  f low i s  m u l t i p l i e d  by t h e  energy  
t r a n s f o r m a t i o n  r a t i o  t o  o b t a i n  t h e  v a l u e  f o r  t h e  f i n a l  column, 
t h e  embodied energy  i n  t h e  f low o r  s t o r a g e .  T h i s  i s  e x p r e s s e d  i n  
C a l o r i e s  o r  j o u l e s .  
( d )  F i n a l l y  a l l  t h e  c a l c u l a t i o n s  and t h e  s o u r c e s  o f  
d a t e  and energy  t r a n s f o r m a t i o n  r a t i o s  a r e  i n c l u d e d  i n  a  f o o t n o t e  
under  t h e  main t a b l e  c i t e d  by number o r  l e t t e r  i n  t h e  t a b l e .  
5 .  An a g g r e g a t e d  n a t i o n a l  d i agram i s  p r e p a r e d  w i t h  t h e  
i t e m s  t h a t  t h e  e v a l u a t i o n  t a b l e s  showed t o  be  i m p o r t a n t  ( c o n t r i -  
b u t i n g  5% o r  more t o  t h e  n a t i o n a l  energy b u d g e t ) .  A g e n e r i c  
example was g iven  a s  F i g u r e  4 . 1 .  The embodied energy  v a l u e s  a r e  
w r i t t e n  on t h i s  diagram. T h i s  d iagram i s  now ready  f o r  inspec-  
t i o n  and s t u d y  t o  l e a r n  which i t e m s  a r e  r e l a t i v e l y  more i m p o r t a n t .  
6 .  The t o t a l  embodied e n e r g y  b u d g e t  o f  t h e  c o u n t r y  i s  
c a l c u l a t e d .  T h i s  i s  t h e  sum o f  a l l  t h e  i n p u t s  which have come 
from e n t i r e l y  independen t  s o u r c e s .  Care i s  r e q u i r e d  a t  t h i s  
p o i n t  t o  a v o i d  doub le  c o u n t i n g  two i n p u t s  which u l t i m a t e l y  came 
from t h e  same s o u r c e .  The g l o b a l  s u n l i g h t  o v e r  t h e  ocean g e n e r a t e s  
r a i n s ,  winds ,  waves, and some o f  t h e  g e o l o g i c  i n p u t s  t o  t h e  c o u n t r y  
s i m u l t a n e o u s l y .  Where t h e r e  a r e  converg ing  i n p u t s  t h a t  a r e  r e a l l y  
byproduc t s  o f  t h e  g e n e r a l  work o f  t h e  b i o s p h e r e  o p e r a t i n g  on sun- 
l i g h t ,  one s e l e c t s  t h e  l a r g e s t  embodied e n e r g y ,  s i n c e  t h i s  amount 
of  embodied energy  i n c l u d e s  t h e  i n p u t s  t h a t  a r e  s m a l l e r .  
I n  a d d i t i o n  t o  t h e  i n p u t  f lows  o f  embodied energy  from 
o u t s i d e  t h e  c o u n t r y ,  t h e r e  a r e  t h e  embodied energy  c o n t r i b u t i o n s  
from u s e  o f  s t o r e d  r e s o u r c e s  w i t h i n  t h e  c o u n t r y  such a s  s o i l s ,  
wood, m i n e r a l s ,  and ground w a t e r .  The r a t e  o f  u s e  o f  each  o f  
t h e s e  needs  t o  be i n c l u d e d  i n  t h e  Table of Energy Flows. 
7 .  Using t h e  t o t a l  embodied energy  f low budget  f o r  t h e  
c o u n t r y ,  and t h e  g r o s s  n a t i o n a l  p r o d u c t ,  a n  embodied energy to 
dollar ratio i s  c a l c u l a t e d .  T h i s  r a t i o  i s  s u b s e q u e n t l y  used  t o  
e v a l u a t e  t h e  energy  embodied i n  goods and s e r v i c e s  e x p o r t e d  and 
t o  r e c o g n i z e  t h e  c u r r e n c y ' s  r e l a t i v e  buying power. T h i s  i s  a  
g r o s s  means o f  e s t i m a t i n g  a  consumer p r i c e  i n d e x .  I n  S e c t i o n  4 
a  t a b l e  i s  g i v e n  f o r  c a l c u l a t i n g  t h e  r a t i o  o f  t o t a l  embodied 
energy  used w i t h i n  t h e  c o u n t r y  t o  G M P .  
8 .  Using t h e  e s t i m a t e s  o f  embodied energy  f low and s t o r a g e s  
from t h e  e v a l u a t i o n  t a b l e s ,  c a l c u l a t e  and assemble  i n d i c e s  and 
r a t i o s  t h a t  a r e  u s e f u l  f o r  comparing c o u n t r i e s  and g a i n i n g  
p e r s p e c t i v e s .  A t a b l e  i s  p r e p a r e d  o f  t h e s e  i n d i c e s .  See S e c t i o n  4 .  
2 .  CALCULATING ACTUAL ENERGY FLOWS AND STORAGES 
A f t e r  t h e  overview energy diagram has  been drawn f o r  a  coun- 
t r y  ( F i g u r e  1 . 2 ) ,  t h e  main energy  f lows  and l o n g  term s t o r a g e s  
may be c a l c u l a t e d  u s i n g  v a r i o u s  d a t a  on geography,  c l i m a t e ,  ocean- 
ography,  and economics f o r  t h e  c o u n t r y ,  E a r l i e r  a  manual was 
developed f o r  env i ronmenta l  ene rgy  e v a l u a t i o n s  (Odum e t  a l .  1 9 8 3 ) .  
I n  t h i s  p r e s e n t  e f f o r t ,  t h e  p r i n c i p a l  formulae  were modi f i ed  and 
assembled a s  Tab le  2.1 and 2 . 2 .  U n i t s  were a r r a n g e d  t o  y i e l d  
r e s u l t s  i n  j o u l e s  whereas t h e  e a r l i e r  manual had r e s u l t s  a s  k i l o -  
c a l o r i e s .  For  e a c h  formula  t h e  v a r i o u s  d a t a  a r e  i d e n t i f i e d  f i r s t  
a s  words and t h e n  w i t h  t h e i r  u n i t s ,  l e a v i n g  a n  u n d e r l i n e d  b lank  
where a  d a t a  i t e m  c h a r a c t e r i s t i c  of  a  p a r t i c u l a r  c o u n t r y  was sub- 
s t i t u t e d .  The c a l c u l a t i o n  f o r m a t s  i n  T a b l e s  2.1 and 2 . 2  were 
used i n  each  subsequen t  s e c t i o n  on a  d i f f e r e n t  c o u n t r y .  
A f t e r  t h e s e  rough overview c a l c u l a t i o n s  w e r e  made f o r  each 
c o u n t r y ,  t h e  r e s u l t s  c o n s t i t u t e  a  " f i r s t  law a n a l y s i s "  and i f  
p l a c e d  on a  n a t i o n a l  ene rgy  d iagram,  it would be a  " f i r s t  law 
diagram."  A l l  i n f l o w i n g  energy  must be accounted  f o r  i n  o u t f l o w s  
o r  i n c r e a s e s  of  s t o r a g e s ,  
However, a b i l i t y  t o  do work i s  n o t  p r o p o r t i o n a l  t o  a c t u a l  
ene rgy  where e n e r g i e s  of d i f f e r e n t  q u a l i t y  a r e  be ing  compared. 
A s  e x p l a i n e d  i n  S e c t i o n  4 and c a l c u l a t e d  i n  l a t e r  s e c t i o n s ,  t h e  
a c t u a l  ene rgy  f lows  and s t o r a g e s  w e r e  m u l t i p l i e d  by energy  t r a n s -  
fo rmat ion  r a t i o s  s o  a s  t o  e x p r e s s  a l l  v a l u e s  i n  s o l a r  e q u i v a l e n t  
u n i t s .  A f t e r  t h i s  was done,  it was p o s s i b l e  t o  s e e  which ones  
were major  and which ones  w e r e  minor f o r  a  c o u n t r y .  T h e r e a f t e r ,  
more c a r e  and d e t a i l  was used t o  e v a l u a t e  t h e  f lows t h a t  t u r n e d  
o u t  t o  be t h e  major  ones .  
I n  g e n e r a l  t h e  h i g h e r  t h e  q u a l i t y  o f  e n e r g y ,  t h e  l e s s  i s  
t h e  a c t u a l  ene rgy  and t h e  h i g h e r  t h e  s o l a r  ene rgy  embodied. 
Obvious ly ,  such  o v e r a l l  c a l c u l a t i o n s  a s  g e o p o t e n t i a l  of  
r a i n  o r  chemica l  p o t e n t i a l  o f  l a n d  u p l i f t  a r e  v e r y  approx imate  
when done f o r  a  whole c o u n t r y  u s i n g  a v e r a g e s .  T h i s  p r o c e d u r e  
does  i n d i c a t e  immedia te ly  which f lows  a r e  wor th  more c a r e f u l  
c a l c u l a t i o n s ;  summing one  p r o v i n c e  a t  a  t i m e .  
T a b l e  2.1.  Formulae used  f o r  c a l c u l a t i n g  a c t u a l  e n e r g y  f lows-  
j o u l e s  p e r  y e a r .  
DIRECT SUNLIGHT 
Area of c o u n t r y  is  t h a t  o f  l a n d  p l u s  c o n t i n e n t a l  s h e l f .  
(Area of  c o u n t r y )  (Average of  i n s o l a t i o n )  = 
~ / m ~ / ~ r )  = m 2 )  ( (- 
KINETIC ENERGY OF W I N D  USED AT SURFACE 
K i n e t i c  e n e r g y  of  wind a t  1000m i s  m u l t i p l i e d  by i t s  
h e i g h t ,  d e n s i t y ,  eddy d i f f u s i o n  c o e f f i c i e n t ,  t h e  wind 
g r a d i e n t ,  and a r e a  o f  c o u n t r y .  
( h e i g h t )  ( d e n s i t y )  ( d i f f u s i o n  c o e f f i c i e n t )  (wind g r a d i e n t )  ( a r e a )  
T y p i c a l  v a l u e s  of eddy d i f f u s i o n  and v e r t i c a l  g r a d i e n t  
c o e f f i c i e n t s  a r e  : 
Eddy d i f -  V e r t i c a l  
f u s i o n  m3/m2/sec g r a d i e n t  m / s e c / m  
J a n u a r y  J u l y  J a n u a r y  J u l y  
F l i n t ,  Michigan  40.2 8 .3  8.OE-3 3.8E-3 
Oakland,  C a l i f .  8 .4  1 . O  4.3E-3 1.6E-3 
Tampa, F l a .  2 .8 1 .7  2.3E-3 1.5E-3 
For  o t h e r  d a t a  see NRC Manual (Odum e t  a l .  1 9 8 3 ) .  
CHEMICAL POTENTIAL ENERGY I N  RAIN 
(Area i n c l u d i n g  s h e l f )  ( R a i n f a l l )  ( G )  = 
Where G i s  Gibbs f r e e  e n e r g y  o f  r a i n w a t e r  r e l a t i v e  t o  s a l t  
w a t e r  w i t h i n  e v a p o t r a n s p i r i n g  p l a n t s  o r  i n  s e a s  r e c e i v i n g  
r a i n .  
G i s  4.94 J / g  . S e e  f o o t n o t e  & *  
Table 2.1 continued. 
- -  - 
CHEMICAL POTENTIAL ENERGY IN RIVER 
(Volume flow) (Density) (G) = 
where G is Gibbs free energy of river water relative to sea 
water 
where S is dissolved solids in parts per million. 
CHEMICAL POTENTIAL ENERGY WITH WATERS USED WITHIN A COUNTRY 
Combine chemical potential energies calculated for rain and 
rivers: 
(~ain) + (~nflowing rivers) - (Outflowing rivers) 
If rivers reach the sea within the national boundary, 
combine : 
(Rain) + (Inf lowing rivers) 
Alternative approach, combine: 
(water evapotranspired) + (waters reaching sea within 
boundaries) 
EARTH CYCLE 
(Land area) (heat flow per area) 
( m2) ( J / ~ ~ / Y  
2 Heat flow: old, stable, 1 E6 J/m /y; rapid orogeny, 
3-1 0 E6 ~ / m ~ / ~  
NET UPLIFT 
(area) (uplift rate) (density) (0.5) (uplift) (gravity) 
2 
m ) (  m/y) ( E3 kg/m3) (0.5) ( 2 (- m) (9.8 m/sec ) 
Table 2.1 continued. 
NET LOSS OF EARTH 
Loss of clays from the area in river discharge or wind that 
is in excess of formation rate. See Appendix A18. 
2 
Typical formation rate, 31.2 g/m /y 
(earth cycle rate) (density) 
E-6 m/y) ( 3 E6 g/m ) = 2 (- g/m /y formation 
(erosion outflow) - (formation rate) (area of country) 
( g/y) - ( g/m2/y) ( m )  = g/y 2 
Then multiply by ETR/g to get embodied solar energy. 
CHEMICAL POTENTIAL ENERGY IN IMPORTED AND EXPORTED COMMODITIES 
WHOSE VALUE IS USED IN REACTIONS WITH OXYGEN (FOOD, FIBER, 
WOOD ETC. ) 
(Weight per year) (G) = 
where G is the Gibbs free energy of oxidation with atmos- 
phere. For organic substances with high free energies 
and small entropy changes of state in oxidation, G is 
practically equal to the bomb calorimetry values of heat 
of combustion (enthalpy changes). See tables of calorie 
value in nutrition tables and handbooks. For carbohy- 
drates, starch, wood, etc., about 4 kcal/g; for proteins 
wool, etc., about 5 kcal/g dry; for fats and oils about 
7-9 kcal/g. Multiply by 4186 to represent as joules, 
where G (Gibbs free energy) is small, calcualate its value 
from the chemistry of the reaction 
NET LOSS OF TOPSOIL 
Topsoil erosion rate in excess of profile formation rates are 
evaluated. See Appendix A18. Areas with mature vegetation are 
assumed to have little net gain or loss of topsoil 
- 
2 2 Typical formation rate, 1260 g/m /y or 8.54 E5 ~ / m  /y in 
areas in natural vegetation succession. 
Typical erosion rates of topsoils from farmed areas Larson 
et al. 1983 from U.S., , - 
are: p/mL/y 
Pacific states 250 
9/mL/y 
Cornbelt, delta area 1000 
Mountain 'states 260 Southeastern states 850 
Plains 500 Appalachian states 1250 
Northeastern states 700 
Table 2.1 continued. 
Actual energy of net loss: 
(farmed area) (erosion rate) - '(successional area) (formation rate) 
m2) ( (- g/m2/y) - ( m2) ( g/m2/y) = g/y 
g/y) (0.03 organic) (5.4 kcal/g) (4186 ~/kcal) = (- J/Y 
or 
2 organic ( - T/m (.-m) (- fraction ) (5.4E6 kcal/T) (4186 j/kcal) = 
GEOPOTENTIAL IN INFLOWING RIVERS 
(flow volume)(density) (height of river entry - river 
egress) (gravity) 
2 ( - m2) ( - m) (-m/y) (1E3 kg/m3) (9.8 m/sec ) = 
GEOPOTENTIAL IN RAIN USED 
(area) (mean elevation* * )  (runoff) (density) (gravity) = 
OCEAN WAVES ABSORBED AT THE SHORE 
(shore length) (1 /8 (density) (gravity) (height squared) 
(velocity) = 
2 
where velocity is square root of gd = [(9.8 m/sec ) 
m deep) I 1 /2 (- 
TIDE ABSORBED IN ESTUARIES 
(area elevated) (0.5) (tides/yr) (height squared) (de~sity) 
(gravity) = 
2 2 (-m ) (0.5) (706/~r) (-m) ( 1  -0253 E 3  kg/m3) (9.8 m/sec2) = 
0.5 x height is center of gravity 
Table 2.1 continued 
TIDE ABSORBED ON CONTINENTAL SHELVES 
Same as above multiplied by 0.1 to 0.5. 
CHEMICAL POTENTIAL ENERGY IN IMPORTED AND EXPORTED COFIMODITIES 
WHOSE VALUE IS IN ITS CONCENTRATION** 
(Weight per year) (G) = 
where G is the Gibbs free energy per unit weight relative 
to concentration of the commodity in the environment. For 
example G for iron ore is 14.2, Gilliland et al. (1981). 
COAL FLOWS OR OUTFLOWS 
(weight per year) (energy per unit weight) = 
OIL INFLOWS OR OUTFLOWS 
(Barrels per year) (energy per barrel) 
( bbl/yr) (6.28 E9 J/bbl) = 
NATURAL GAS INFLOWS OR OUTFLOWS 
(Volume of gas/yr) (energy per unit volume) = 
( thsd cubic ft/yr) (1.1 E9 J/thsd cubic ft.) = 
OR 
( therms/yr) (1 ,055 E5 J/therm) = 
FLOW OF ELECTRIC POFmR 
(Power Units for a time) (Energy per unit Power for a time) 
(- KWH/yr) (3.60 E6 J/KWH) 
OR 
(capacity of power plant) ( %  of capacity) (hours per year) 
(energy/uni t) 
( kilowatt) ( - %/loo) (1.40 E9 J/kw/yr) = 
Table 2.1 continued. 
GEOPOTENTIAL IN NET ROCK UPLIFT 
(height of Elevated rock) (Area) (rock density) (half of 
elevation rate) (gravity) = 
2 3 (-mm/~r) (1E-6 m2/mm2) (-m2) (-E3 kg/m ) (0.5) (height) 
ELECTRICAL OUTPUT OF NUCLEAR PLANTS 
Evaluate electricity delivered 
(- KWH) (3.6 E6 J/KWH) 
HEAT PRODUCTION OF FISSION 
(Weight of uranium used per time) (fraction U 235)(Energy 
per unit U 235) 
T/yr U308) (0.007) (1 E6 g/Tl (7.95 El0 J/gU235) (- 
EMBODIED ENERGY IN IMPORTED OR EXPORTED SERVICE 
L 
( $  paid for Imports) (Ratio of SEJ/$ for that year)T 
Footnotes to Table 2.1. 
* Where data are in kilocalories (kcal), multiply by 4186 
J/kcal. 
-3 + Conventions for exponents, 2 x 1 o7 is 2E7, 5 x 10 is SE-3. 
* *  Elevation measured relative to low point on the nation's 
border where rivers leave the country. 
& Gibbs free energy for 10 ppm rain relative to sea water 
salinity in evapotranspiring plants or to estuaries receiv- 
ing freshwaters. 
= 4.94 j/g = 4.94E6 ~/m' rainwater, 
Footnotes to Table 2.1 continued. 
++ Effective concentration is that solution concentration in 
equilibrium with solid. For solids it is the solution 
concentration in which they are used. Environmental con- 
centration is the solution concentration of waters in the 
soils and surface waters of the nation. Molecular weight 
is the mean molecular weight of the effective components 
of the commodity. 
G = (8.33 j/mole/deg) ( 3 0 0 ~ ~ )  (E~f ective molecular weight) 
(Effective concentration) 
lLoge (Environment concentration) 1 J/g 
Gibbs free energy of a chemical reaction is that of its 
standard states (gas at 1 atmosphere, solutions at 1 
molar, and solids with assumed activity = 1) plus a term 
for the concentration differences from standard state that 
includes products in numerator and reactants in demoninator 
of logarithmic term 
where Go is obtained using standard free energy tables, W 
is molecular weight of commodity, (c) and (d) are concen- 
trations of products, (a) is concentration of commodity, 
(b) is pressure of oxygen (0.21), R is 8.33 J/Mole/deg, and 
T is Kelvin Temperature. 
See Figure 4.2. 
T a b l e  2 . 2 .  F o r m u l a e  u s e d  f o r  c a l c u l a t i n g  a c t u a l  e n e r g y  i n  
storages. 
GEOTHEFGIAL HEAT STORAGE POTENTIAL 
2 ( resevo i r  v o l u m e )  ( d e n s i t y )  ( s p e c i f i c  h e a t )  (AT)  ( 1 / T )  ( 0 . 5 )  
POTENTIAL ENERGY I N  STORED ORGANIC MATTER (FUELS,  S O I L ,  PEAT, 
WOOD, ETC, ) 
( v o l u m e  of m a t e r i a l )  ( d e n s i t y )  (organic f r a c t i o n )  ( G )  
w h e r e  G  = ( - k c a l / g )  ( 4 1  8 6  j / k c a l )  
4 
T y p i c a l  s o i l :  5 . 4  k c a l / g ;  f r a c t i o n  organ ic ;  0 . 0 3  g/g; 
d e n s i t y ,  1 . 4 7  g / m  3 
3 3 3 ( 1  E6  c m  /m ) ( 1 . 4 7  g/cm ) ( 0 . 0 3 )  ( 5 . 4  k c a l / g )  ( 4 1 8 6  J / k c a l )  
= 1 0 . 0  E 8  J / m  3 
OR 
( W e i g h t )  (chemical p o t e n t i a l  energy p e r  u n i t  w e i g h t )  
OR fo r  f u e l  gas 
( v o l u m e )  (chemical p o t e n t i a l  energy  p e r  v o l u m e )  
(- t h s d  cub ic  f e e t )  ( 1 . 0 5 E 9  J / t h s d  c u b i c  f e e t )  
GEOPOTENTIAL OF ELEVATED MATERIALS [WATER, MOUNTAINS(R0CK) ETC] 
( v o l u m e )  ( d e n s i t y )  ( g r a v i t y )  ( h e i g h t  o f  center  of g r a v i t y  
of m a s s )  
TabLe 2 . 2  cont inued .  
CHEMICAL POTENTIAL ENERGY OF WATER AND GROUNDWATER STORAGES 
(Water volume) ( d e n s i t y )  ( G )  
where G i s  Gibbs f r e e  energy of water  r e l a t i v e  t o  s a l t  
water  
where S  i s  ppm s o l u t e s ,  
To e s t i m a t e  volume of ground waters :  
(Volume of land m a s s ) ( p o r o s i t y  f r a c t i o n )  
Typical  p o r o s i t e s :  Sha le  
Gran i t e  
Limestone 
B a s a l t  
Sands 
Gravels  
CHEMICAL POTENTIAL ENERGY OF MINERAL DEPOSITS 
(Volume) ( d e n s i t y  ( G )  
where G i s  Gibbs f r e e  energy of t h e  minera l  r e l a t i v e  t o  t h e  
surrounding environment i n  which it i s  used,  d i s p e r s e d  o r  
des t royed  i n  chemical  r e a c t i o n s ,  
For common minera l s  t y p i c a l  va lues  f o r  G a r e :  
T a b l e  2 . 2  c o n t i n u e d .  
J/g A p p e n d i x  
P h o s p h a t e  d e p o s i t s  5 8 . 3  6 ,  n o t e  4 
C o p p e r  ore  1 . 6 5  
B a u x i t e  (A1 o r e )  6 5 . 3  1 2  
I r o n  ore  1 4 . 2  1 3  
P o t a s s i u m  (KC1) 7 0 2 . 0  1 5 ,  n o t e  8  
N i t r o g e n  ( N H 3 )  2 1 7 0 . 0  1 6 ,  n o t e  3  
CHEMICAL POTENTIAL ENERGY OF BEDROCK READILY AVAILABLE (UPPER 
30 m) 
( V o l u m e )  [ d e n s i t y )  (G) = 
w h e r e  G  i s  t h e  Gibbs f r e e  e n e r g y  o f  t h e  b e d  r o c k  r e l a t i v e  
t o  s t a t e s  a f t e r  w e a t h e r i n g .  
T y p i c a l  v a l u e s  o f  G are:  
D e n s i t y ,  g/cm3 G,  J/g 
S h a l e  2 . 4 0  1 0 0  
S a n d ,  s a n d s t o n e  3 . 1 7  611  
L i m e s t o n e  1 . 9 5  5 0  
G r a n i t e  2 , 6 1  5 0  
B a s a l t  2 . 7 9  1 7 2  
NUCLEAR ENERGY 
Heat e q u i v a l e n t s  f r o m  S c h i p p e r  ( 1 9 7 5 )  
( W e i g h t  of U r a n i u m  ore)  ( F r a c t i o n  U235 i n  ore )  ( h e a t  p e r  
w e i g h t )  
T )  ( 0 . 0 0 7 )  ( 1 E 6  g / T )  ( 7 . 9 5 E 1 0  J / g  U 235)  (- 
3. ENERGY TRANSFORMATION RATIOS AND CALCULATION OF EMBODIED ENERGY 
The energy transformation ratio measures the joules of one 
type of energy that must be transformed to generate a joule of 
another type of energy. The ratio measures the factor by which 
one type of energy must be utilized to generate an energy of 
higher quality. Figure 3.1 is an example where the energy trans- 
formation ratio, in terms of energy of the type A on the left, 
is 20 joules of type A per joule of type B. 
Examination of the transformation ratios in real systems 
that have been operating for long periods under competitive cir- 
cumstances, provides ratios thatmay approach the maximum that 
can be transformed at competitive, full power conditions. 
If all kinds of energy are expressed in terms of solar 
energy reaching earth, the ratio becomes a numerical scale of 
the amount of work involved in generating various types of 
energy, Since flexibility, scarcity and ability to amplify in- 
crease as the energy transformation ratios from sunlight in- 
crease, the ratios constitute a scale for measuring energy 
quality, 
The energy transformation ratios provide an easy shorthand 
for calculating embodied energies in units of one type, simply 
by multiplying the actual energy flow or storage of one type by 
its solar energy transformation ratio. To obtain energy trans- 
formation ratios from real world measurements, one constructs a 
systems diagram in which all of the inputs are known. Then 
these are all converted to embodied energies of solar quality 
using available energy transformation ratios. Then the ratio 

f o r  t h e  commodity i s  c a l c u l a t e d  by d i v i d i n g  t h e  s u m  of  i n p u t s  
exp re s se d  i n  s o l a r  e q u i v a l e n t  j o u l e s  by a c t u a l  o u t p u t  energy i n  
t h e  commodity produced.  An example of t h i s  p rocedure  i s  g iven  
i n  F i g u r e  3 . 2 ,  Others  a r e  g iven  i n  t h e  Appendix. 
A t a b l e  of energy t r an s fo rma t ion  r a t i o s  i s  given  i n  Table  
3 Many of t h e s e  r a t i o s  were used i n  v a r i o u s  e v a l u a t i o n s  of 
f lows  and s t o r a g e s  i n  n a t i o n a l  energy a n a l y s e s  i n  l a t e r  c h a p t e r s .  
Many of t h e  sys tem energy diagrams t h a t  were e v a l u a t e d  t o  c a l cu -  
l a t e  energy t r a n s f o r m a t i o n  r a t i o s  i n  Tab le  3 . 1  a r e  assembled a s  
an  Appendix. 
Figure 3.2. Energy diagram of industrial corn production. 
Table  3 . 1 .  Energy t r a n s f o r m a t i o n  r a t i o s  from s o l a r  ene rgy  used .  
Energy t ransformat ion  r a t i o  
S o l a r  equ iva l en t  j ou l e s  p e r  
Footnote Energy type j ou l e  SEJ/J 
So la r  energy 1 . 0  
Sur face  winds: vapor g rad i en t -  62.0 
k i n e t i c  energy- 623.0 
Tides  23564.0 
Phys i ca l  energy i n  e l eva t ed  r a i n  8888.0 
Phys i ca l  energy i n  e l eva t ed  
r i v e r  flow 
Chemical p o t e n t i a l  energy i n  r a i n :  
over  land- 15423.0 
i n  r i v e r s -  41068.0 
Waves absorbed a t  shore 25889.0 
Ea r th  c y c l e  2.90 E4 
Net u p l i f t -  5.5 El8  
Geothermal h e a t  (Appendix A2) 6 . 1  E3 
Geothermal convect ion (Appendix A3) 1 .8  E4 
I r o n ,  9.13 El4 SEJ/T 10.1 E6 
S t e e l ,  1.78 El5  SEJ/T 1.97 E7 
Machinery, 6.7 El5  SEJ/T 7.50 E7 
Aluminum i n g o t s ,  1 .63  El0  SEJ/T - 
Phosphate rock 1 .41  El0  SEJ/g 
Nitrogen f e r t i l i z e r  
Potassium f e r t i l z e r  
I r o n  o r e ,  8.55 E8 SEJ/g 
Bauxi te ,  8 .5  E8 SEJ/g 
Fue l s  : 
Rain fo re s t  wood harves ted  
Coal' 
O i  1 
E l e c t r i c i t y  
Na tu ra l  ga s  
Liquid motor f u e l ,  e thano l  
E than01 
Corn s t a l k s  
Straw 
Dung 
P r imi t i ve  corn  








Wool 3.8 E6 
Table  3.1 con t inued  
Energy t ransformat ion  r a t i o  
Footnote Energy type 
S o l a r  equ iva l en t  j ou le s  pe r  
jou le  SEJ/J 
14 P r i m i t i v e  l abo r  8 .1  E4 
~ u l l o c k  work 1.23 E5 
15 Sheep meat 
Calves 
Milk 
Bu t t e r  
16  Se lec t ed  high q u a l i t y  l ogs  
p l a n t a t i o n  p i n e  
17 TOP s o i l  
Ea r th  ( c l ay )  , 1 - 7 1  E9 J/g 
18 Uranium 1.8 E3 
Foo tno t e s  t o  Tab l e  3 .3 .  
1 .  S o l a r  energy  i n p u t  absorbed ,  3.93 E24 J / y r .  See Appendix 1 .  
Energy t r a n s f o r m a t i o n  r a t i o  i s  1  by d e f i n i t i o n .  
2 .  Wind used a t  s u r f a c e  of  t h e  e a r t h  e s t i m a t e d  a s  10% o f  t o t a l  
f l u x  of wind ene rgy ,  2E12 kw (Monin 1972) . 
( 2  El 2  kw) ( 1  J / s e c / w a t t )  (1  E3 w/kw) (3.154 E7 s e c / y r )  
ETR a s  r a t i o  o f  t o t a l  b io sphe re  i n p u t ,  3 .93 E24 SEJ/yr (Ap- 
pendix  2 ) . t o  s u r f a c e  wind energy:  
3.93E24 SEJ/yr 
6.31 E21 J / y r  = 623. SEJ/J s u r f a c e  wind 
Water vapor  g r a d i e n t  i n  wind 
T o t a l  mass of  wa t e r  i n  atmosphere = 1.24 El9 g ;  t u rnove r  t i m e  
f o r  wa t e r  i n  t h e  atmosphere = 11.23 d  (Monin 1 9 7 2 ) ;  mean f l u x  of  
vapor ,  1 . 2 4  El9 g/11.23 d  = 1.104 El8  g/d. 
Gibbs f r e e  energy p e r  gram = 
(8 .33 ~ / m o l e / d e g )  (275 deg)  Loge (7mb/2mb) 
(18 g/mole) 
= 159 J / g  vapor 
World vapor g r a d i e n t  f l u x :  
Footnotes to Table 3.1 continued. 
3. Tidal physical energy absorbed in estuaries and on shelves. 
Energy transformation ratio the same as that for elevated 
stream waters. 
4. Physical energy in rain on elevated land. 
3 
World's rain on land, 105,000 km /yr; average elevation of 
land, 875 m (Ryabchikov 1975). 
5. Physical energy in stream flow. 
3 
Global runoff, 39.6 E3 km /yr (Todd 1970); average eleva- 
tion, 875 m 
ETR: 8.0 E24 SEJ/yr = 2.36 E4 SEJ/J 3.4 E20 J/yr 
6. Chemical potential energy in rain. 
Continental rain 105,000 km"/yr, 10 ppm rain compared to 
35,000 ppm. 
Gibbs free energy/g = (8.33 J/Mole/deg) (300'~) (18 g/mole) 
3 2 (1.05 E5 km /yr) (1 El5 g/km )(4.94 J/g Gibbs free energy) 
= 5.187 E20 J/yr 
6A. Chemical potential energy in rivers. 
Rivers represent concentration over water dispersed as rain. 
A transformation ratio for world average river is given: 
global runoff, 39.6 E3 km3/y, typical dissolved solids, 
150 ppm. 
Footnotes to Table 3.1. continued 
Gibbs free energy per gram water: 
(8.0 E24 SEJ/Y) 
ETR: (1.948 E20 J water/y) = 4.11 E4 SEJ/J river water 
7. Wave energy absorbed at shore estimated as the energy of 
average wave coming ashore (Kinsman 1965) multiplied by fat- 
ing shorelines. 
8. Earth cycle 
Work of earth uplift replacing erosion without net change 
in elevation indicated by heat flow. From Sclater et al. 
(1980); continental heat flow is 2.746 E20 J/y; solar 
equivalents from Appendix A3. 
(8*0 E24 SEJ/y) = 2.90 E4 SEJ/J continent heat flow ETR: (2.746 E2O S/y) 
Net uplift 
Land el~vation, 875 m over 1 billion years; density 2.6 T/m3; 
2 (area) (uplift per time) (density) (0.5) (uplift per time) (9.8 m/sec ) 
(9,. 8 m/sec2) = 1 .47 E6 J/g; see Appendix A8. 
9. Iron, steel, machinery; see Appendix A13; aluminum ingots, 
see Appendix A12. 
Footnotes to Table 3.1 . continued. 
10. Phosphate, see Appendix A6, note 4. 
Potassium, see Appendix A15 
Iron ore, see Appendix A7. 
Bauxite, see Appendix A7. 
Nitrogen, see Appendix A16. 
1 1 .  Fuels, see Appendix A5, Parts 1-3; ethanol, Appendix A17. 
Corn stalks, Appendix A9; straw and dung, Appendix A19. 
12. Corn, ~ppendix A9; sugar, Appendix A17; bananas, Figure 9.4; 
Coconuts, Figure 9.5. 
13. Rubber, see Figure 7.5; soap, Figure 9.5; wool, Appendix All. 
14. Human Labor. 
Hand labor as in primitive agriculture, the energy per area 
of support; Gibbs free energy in rain, 4.94 J/g from foot- 
note 6, Table 3.1. 
Embodied energy per person: 
(2.0 El0 water J/person)(l.54 E4 SEJ/J water) 
= 3.09 ~ 1 4  SEJ/persun/y 
ETR: 3.09 El4 SEJ/person (2500 kcal/person/day) (41 86 J/kcal) (365 d/y) 
= 8 .09 E4 SEJ/J 
See also Appendix A9a. 
15. Sheep meat, Appendix All; calves, butter, milk, Appendix A19. 
16. Selected high quality rain forest timbers shipped. See 
Figure 7.6; plantation pine, see Appendix A10. 
F o o t n o t e s  t o  T a b l e  3 . 1 .  c o n t i n u e d .  
1 7 .  T o p  s o i l ,  see A p p e n d i x  A 1 8 .  
1 8 .  U r a n i u m  i n  f i s s i o n  reactor  
1 0 9  E l 3  k c a l  U 2 3 5  g e n e r a t e d  4 . 9  E l 3  k c a l  n e t  
C o a l  e q u i v a l e n t s  of e l e c t r i c i t y  ( K y l s t r a  a n d  K i  H a n  1 9 7 5 )  
- 
1 0 9 ' E 1 3  kcal U 2 3 5  - 2 2 . 2  u r a n  J/coalJ  4 . 9  E l 3  coa l  k c a l  
3 . 9 8  E 4  SEJ/coalJ = 1 7 9 3  S E J / ~ ~ ~ ~  J 
2 2 . 2  u r a n  J / coa l J  
4. SUMMARIZING PARAMETERS FOR NATIONAL OVERVIEW 
AS described in Section 1, energy systems analysis provides 
a way to gain an overview of a nation's economy and its basis in 
its resources and foreign trade, Embodied energy calculations, 
indices, and ratios provide overview perspectives on causes, 
trends, and alternative public policies. 
Ratio of Embodied Energy Flow to Dollar Circulation 
For each nation there is a ratio of embodied solar energy 
generating economic value each year and the currency circulating 
in that country that year. As evaluated in this study, all the 
contributing embodied energy flows are included, those of en- 
vironmental renewable sources, those of nonrenewable resources 
within the country, and those of imported commodities including 
human services from outside, 
In Figure 4.1 the main catagories of energy flow contribu- 
ting to the buying power of the economy are shown. The embodied 
energy used within the country is the sum of inputs minus unused 
exports. See Table 4 . 1 .  
Human service is the final sector toward which most other 
environmental, industrial, and commercial sectors converge their 
work in hierarchical organizations of humanityandnature, The 
total embodied energy of the nation's economy used within the 
country was taken as the basis for the nation's human services 
for which monies were circulated from human to human. Gross 
national product is a traditional measure of circulation of money 





Energy Used R + N, + N, + F + G + I, (P, -) x 
- 
. . 
P, = - 
GNP X 
F i g u r e  4 .1 .  Summary d i a g r a m  o f  t h e  embodied e n e r g y  f l o w s  o f  a  
c o u n t r y .  A n  e v a l u a t i o n  t a b l e  i s  g i v e n  a s  T a b l e  
4 .1 .  I n d i c e s  f rom t h e s e  v a l u e s  a r e  c a l c u l a t e d  i n  
T a b l e  4 . 2 .  
Table 4.1. Summary flows for a nation (see Figure 4.1). 
Letter in 
Figure 4.1 Item 
Renewable sources used, SEJ/y 
Non-renewable sources flow from within the 
country (SEJ/yr) : 
N dispersed rural source (SEJ/y) 
0 
N, concentrated use (SEJ/yr) 
N2 exported without use (SEJ/y) 
Imported minerals and fuels (SEJ/y) 
Imported Goods (SEJ/yr) 
Imported Service (SEJ/yr) 
Dollars paid for imports ($/y) 
Dollars paid for exports ($/Y) 
Exported Services (SEJ/y) 
Exported Products, transformed within the 
country (SEJ/y) 
Gross National Product ($/y) 
Ratio embodied energy to dollar of imports 
(SEJ/$) 
Ratio embodied energy to dollar within the 
country and for its exports (SEJ/$) 
used and the gross national product indicates the real work 
equivalent of a unit of currency spent for human service. 
As the diagram in Figure 4.1 shows all money goes to human 
service only. Even when one buys fuels or goods, the money is 
for the human service in processingthefuels or goods, only 
indirectly for externalities of energy and materials from the 
environment. The environment never receives money for its work. 
Since undeveloped countries have large ratios of embodied 
energy supporting a small monied economy, the embodied energy 
to dollar ratios are larger than in developed countries. This 
means that the money buys more of nature's work in the undevel- 
oped country although it may not be recongized that nature's 
work is flowing to people, much of it indirectly in providing 
cheap wood, soils, clean air, clean water, cheap waste disposal, 
cheap foods, etc. 
When a purchase is made from another country, it is that 
country's embodied energy-to-dollar ratio that determines how 
much real service one can purchase. In order to evaluate im- 
ports to a country, the embodied energy in the services of the 
country from which imports come was used, If imports are from 
a developed country, the ratio for the United States was used. 
As given in Appendix A4, this ratio includes renewable energy 
and fuel used both on solar equivalent basis. In evaluating 
the embodied energy in services exported, the country's own 
ratio of embodied energy-to-dollar ratio was used. 
In calculating the embodied energy used by the country, 
flowsofproducts that pass without work transformations (N2) are 
omitted since they were not used within the country's economy. 
See, for example, the flow of iron ore from Liberia. It might 
be reasoned that other exports should be subtracted also. How- 
ever, if the export product or service has been generated by 
transformations within the economy, its embodiment represents 
energy already used, For definition of the energy-dollar ratio 
within a country, see expression in Figure 4.1. 
Services 
As shown in Figure 4.1, money paid for imports and derived 
from exports or other inputs circulates as part of the gross 
national product (x). Some care is required to evaluate the 
energy embodied in these services using energy-dollar ratios 
(P2 and P1 ) and dollar flows (dashed lines) . It is easy to double 
count although double counting errors are usually small. Figure 
4.1 shows relationships of the following: 
Evaluation of fuels and minerals (F , N2) 
When imports of fuels and minerals are estimated using total 
energy transformation ratios, embodied energy of services of 
bringing the mineral (P211 or PIE1) is included. 
Evaluation of goods (G , B ) 
If imported or exported goods are evaluated with energy 
transformation ratios because they are of special interest or 
are energy intensive, embodied energy of services (p212 or PIE2) 
is included. 
Evaluation of miscellaneous services (P I 2 3' P1E3) 
Services not included in bringing minerals or goods evaluated 
separately are evaluated with energy dollar ratios (PI or P2) 
multiplied by remaining dollar flow (I3 or E 3 )  As the Figure 
4.1 shows, to avoid double counting one must subtract any dollar 
flow already included from the total dollar flow (I or E) before 
multiplying energy-dollar ratio to obtain embodied energy contri- 
bution. If goods have been evaluated separately, the energy used 
directly in making the goods is already included in the goods 
evaluation. Consequently the energy in goods must be subtracted 
from t h e  e v a l u a t i o n  o f  m i s c e l l a n e o u s  s e r v i c e s  a l s o .  T h i s  can  
b e  done s u b t r a c t i n g  B' o r  G I  from energy o f  e n e r g y - d o l l a r  r a t i o .  
B ' The c o r r e c t e d  r a t i o s  a r e :  (P2 - 5) o r  ( P I  - - X x ' ) 
A n a l y s i s  w i t h o u t  e v a l u a t i n g  goods s e p a r a t e l y ;  goods and s e r v i c e  
When no goods a r e  e v a l u a t e d  s e p a r a t e l y ,  t h e  a n a l y s i s  of  
i m p o r t s  and e x p o r t s  c o n t a i n s  o n l y  t h e  unused ene rgy  o f  m i n e r a l s  
and t h e  e v a l u a t i o n  o f  s e r v i c e .  
By u s i n g  e n e r g y - d o l l a r  r a t i o  t o  e v a l u a t e  s e r v i c e s ,  one  i s  
i n c l u d i n g  t h e  ene rgy  f o r  goods a s  w e l l .  Sometimes w e  c a l l  t h i s  
c a t e g o r y  goods and s e r v i c e s .  
Subsystems 
I n  c h a p t e r  5 ,  s t e p s  t o  e v a l u a t e  s e r v i c e s  i n  subsys tems a r e  
g i v e n  s o  t h a t  d o u b l e  c o u n t i n g  i s  avo ided  t h e r e  a s  w e l l .  
The f o l l o w i n g  i m p o r t a n t  p r o p e r t y  of  t h e  embodied ene rgy  
c o n c e p t  i s  q u i t e  d i f f e r e n t  from t h e  f i r s t  law which makes a c t u a l  
e n e r g i e s  a d d i t i v e .  To a v o i d  doub le  c o u n t i n g  when e v a l u a t i n g  
embodied e n e r g y ,  an  e n e r g y  f l o w  t h a t  i s  a  by-product  o f  a n o t h e r  
ene rgy  f low i s  n o t  coun ted  s e p a r a t e l y .  Where b o t h  have t h e  same 
s o u r c e ,  t h e  one w i t h  t h e  l a r g e r  embodied ene rgy  i s  u s e d ,  f o r  it 
i n c l u d e s  t h e  ene rgy  used  t o  g e n e r a t e  t h e  second f l o w  w i t h  l e s s  
embodied e n e r g y .  The second f low i s  l e s s  because  some o f  it was 
d i v e r t e d  t o  a n o t h e r  p a r t  o f  t h e  g l o b e .  
The energy  d o l l a r  r a t i o s  of c o u n t r i e s  change w i t h  i n f l a t i o n ,  
and t h e  r a t i o  may be one of  t h e  b e s t  measures  of i n f l a t i o n .  
F i g u r e  4.2 i s  a  g r a p h  of t h e  o v e r a l l  embodied energy  t o  d o l l a r  
r a t i o  o f  t h e  Uni ted  S t a t e s .  T h i s  graph i s  u s e f u l  f o r  c o n v e r t i n g  
d o l l a r  d a t a  from y a r i o u s  y e a r s  t o  embodied energy  of s e r v i c e s ,  
I n d i c e s  Using Embodied Energy f o r  N a t i o n a l  Overview 
Var ious  f l o w s  c a l c u l a t e d  i n  Tab le  4.1 a r e  combined i n  v a r i -  
o u s  ways i n  Tab le  4.2 t o  p r o v i d e  p e r s p e c t i v e s  on n a t i o n a l  over-  
view, t o  compare c o u n t r i e s ,  and t o  s u g g e s t  p u b l i c  p o l i c i e s .  
R e l a t i v e  r o l e s  of  r enewable ,  nonrenewable,  i m p o r t s ,  c o n c e n t r a t e d ,  
and r u r a l  e n e r g i e s  a r e  examined, S e l f - s u f f i c i e n c y ,  ene rgy  con-; 
c e n t r a t i o n  p e r  a r e a ,  and energy  p e r  pe r son  a s  an  index  o f  l i v i n g  
s t a n d a r d  a r e  c a l c u l a t e d .  
C a r r y i n g  c a p a c i t y  i s  t h e  number of peop le  t h a t  can  be sup- 
p o r t e d  a t  a  s t a t e d  s t a n d a r d  o f  l i v i n g .  T h i s  i s  e s t i m a t e d  f o r  
c u r r e n t  s o u r c e s  and f o r  development  i n  which outsic 'e r e s o u r c e s  
a r e  a t t r a c t e d  i n  a  r a t i o  of 7 t o  1 t y p i c a l  of  t h e  developed coun- 
t r i e s ,  Also i n c l u d e d  i s  t h e  c a r r y i n g  c a p a c i t y  on renewable  r e -  
s o u r c e s  o n l y .  
Year 
~ i g u r e  4.2, Ratio of embodied solar energy flow to GNP in 
the United States. Energy was estimated as 
the sum of solar equivalents of rain (Gibbs 
free energy) and the solar equivalents of oil. 
See Table A 4 b .  
Table  4 . 2 .  I n d i c e s  u s i n g  embodied energy  f o r  n a t i o n a l  overview.  
- - 
E x p r e s s i o n  
I tem Name of  Index See F i g u r e  4 . 1  
1 Renewable embodied energy f low R 
2 Flow from ind igenous  nonrenew- 
a b l e  r e s e r v e s  N 
3  Flow of  impor ted  embodied energy F+G+P21 
4 T o t a l  embodied energy  i n f l o w s  R+N+F+G+P I 
5  T o t a l  embodied energy  used ,  U U = NO+N1+R+F+G+P21 
6  T o t a l  e x p o r t e d  embodied energy  B + P I E  
7  F r a c t i o n  of  embodied energy  used 
d e r i v e d  from home s o u r c e s  ( N ~ + N ~  + R )  / U  
8  E x p o r t s  minus i m p o r t s  (N2+B+P1 E )  - (F+G+P21) 
9  R a t i o  of  e x p o r t s  t o  i m p o r t s  (N2+B+P1 E )  / (F+G+P21) 
1 0  F r a c t i o n  u s e d ,  l o c a l l y  renewable R/U 
1 1  F r a c t i o n  o f  u s e  purchased 
12 F r a c t i o n  used t h a t  i s  impor ted  
s e r v i c e  P21/U 
13 F r a c t i o n  of  u s e  t h a t  i s  f r e e  (R+No / U  
1 4  R a t i o  of  c o n c e n t r a t e d  t o  r u r a l  (F+G+P21+N1 ) / (R+No) 
15 Use p e r  u n i t  a r e a  U/ ( a r e a )  
16 Use p e r  c a p i t a  U /  ( p o p u l a t i o n )  
17 Renewable c a r r y i n g  c a p a c i t y  a t  
p r e s e n t  l i v i n g  s t a n d a r d s  ( R / U )  ( p o p u l a t i o n )  
18 Developed c a r r y i n g  c a p a c i t y  a t  
same l i v i n g  s t a n d a r d s  8  ( R / U )  ( p o p u l a t i o n )  
19 F u e l  u s e  p e r  p e r s o n  ( F u e l )  / ( p o p u l a t i o n )  
2 0  F r a c t i o n  e l e c t r i c  ( E l e c t r i c i t y  u s e )  /u 
T o t a l  u s e  of  nonrenewable r e s o u r c e s ,  N ,  i s  made UP of t h a t  which 
- 
i s  r u r a l l y  d i s p e r s e d  and used ,  N,; t h a t  used  i n t e n s i v e l y ,  N , ;  and 
raw p r o d u c t  e x p o r t e d  w i t h o u t  mucg t r a n s f o r m a t i o n ,  N 2 .  
- I 
Whereas goods e x p o r t ,  B ,  and s e r v i c e  e x p o r t ,  P I E  c a r r y  embodied 
energy  t h a t  may be  d e r i v e d  from i m p o r t s ,  t h e y  r e p r e s e n t  t r a n s -  
f o r m a t i o n s  and a r e  t h e  p r o d u c t s  of u s e .  
5 .  ANALYSIS OF SUBSYSTEMS 
Many q u e s t i o n s  of p u b l i c  p o l i c y  concern  i m p o r t a n t  subsys-  
tems of an  economy, such a s  ag roecosys tems ,  mining sys tems ,  
manufac tu r ing  sys tems ,  t o u r i s t  sys tems ,  e t c .  Energy a n a l y s i s  
overviews can be p r e p a r e d  f o r  t h e s e  i n  t h e  same way a s  d e s c r i b e d  
a l r e a d y  f o r  t h e  whole n a t i o n .  Diagrams a r e  drawn, pathways 
e v a l u a t e d  i n  a c t u a l  ene rgy  u n i t s ,  and t h e n  c o n v e r t e d  t o  embodied 
s o l a r  j o u l e s .  The f i n a l  summary d iagrams can be used t o  c a l c u -  
l a t e  ene rgy  t r a n s f o r m a t i o n  r a t i o s  f o r  t h e  p r o d u c t  of t h a t  system. 
Examples of  t h e s e  a r e  g i v e n  i n  t h e  Appendix t o  t h i s  s t u d y .  
A g e n e r i c  d iagram f o r  a  p r o d u c t i o n  subsys tem i s  g i v e n  i n  
F i g u r e  5 . 1 .  Usua l ly  t h e r e  a r e  t h e  i n p u t s  from t h e  environment  
and s e c t o r s  of  env i ronmenta l  work. Connect ing w i t h  t h e s e  on t h e  
r i g h t  a r e  human economic a c t i v i t i e s  t h a t  t r a n s f o r m ,  p r o c e s s ,  and 
t r a n s p o r t  t h e  p r o d u c t s .  Shown a s  a  c o u n t e r c u r r e n t  of dashed 
l i n e s  a r e  t h e  f l o w s  of  money where human s e r v i c e s  a r e  invo lved .  
I n c l u d e d  a l s o  a r e  money f lows  t o  r epay  i n v e s t m e n t s ,  i n t e r e s t ,  
e t c .  
When t h e  diagram h a s  been completed w i t h  embodied energy 
f lows  c a l c u l a t e d  f o r  t h e  main f l o w s ,  s e v e r a l  u s e f u l  r a t i o s  may 
be c a l c u l a t e d  t o  h e l p  i n t e r p r e t a t i o n s ,  Where f lows  have a  com- 
mon s o u r c e  and a r e  by-produc t s ,  such a s  winds ,  waves, and r a i n  
g e n e r a t e d  by t h e  g l o b a l  wea the r  sys tem,  o n l y  t h e  l a r g e s t  i s  
used ,  u s u a l l y  t h e  r a i n  energy .  
The n e t  e n e r g y  y i e l d  r a t i o  i s  t h e  embodied energy  of  t h e  
o u t p u t  d i v i d e d  by t h e  embodied energy  of t h e  i n p u t s  t o  t h e  p ro -  




Figure 5.1. Generic diagram for a production subsystem. (a) 
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F i g u r e  5 . 2 .  Diagram d e f i n i n g  t h e  n e t  e n e r g y  y i e l d  r a t i o  f o r  
e v a l u a t i n g  p r i m a r y  e n e r g y  s o u r c e s ,  Both F  and  Y 
s h o u l d  be  i n  embodied e n e r g y  u n i t s  o f  t h e  same 
q u a l i t y .  ( a )  nonrenewable  s o u r c e  ; ' (5) renewab le  
r e s o u r c e ,  
I 
Rain I 
indicates whether the process can compete in supplying a primary 
energy source for the economy, In the recent past the ratio for 
buying foreign oil was about 6 to 1 .  Processes yielding less 
than this are not economic as primary energy sources. 
The energy investment ratio is the ratio of the embodied 
energy fed back from the economy to the embodied energy inputs 
from the free environment. See Figure 5.3, This ratio indicates 
if the process is economic as a utilizer of the economyPs invest- 
ments in comparison with alternatives. To be economic the pro-. 
cess should have a smaller ratio than competitors so that its 
prices are less and it can compete in the market. Its prices 
are less when it is receiving a higher percentage of its useful 
work free from the environment than its competitors. The world 
ratio in 1980 was 3.4 but the energy voracious United States was 
about 8 (~ppendix A. 4) 
Some systems may be useful without being a good primary 
source (having high net energy yield ratio) or being good second- 
ary source (having a competitive energy investment ratio). If 
the system is a consumer system such as a household or hospital, 
it may draw some environmental energies into its processes thus 
making the consumption more efficient, The appropriate index to 
evaluate measures for improving consumer efficiency in units of 
embodied energy is service increase (AY) for increase in energy 
invested (AF), See Figure 5.4. 
The energy analysis of subsystems may be useful for evaluat- 
ing the degree of industrialization, contributions of environment 
and associated environmental loading, for anticipating success of 










Energy invenment ratio = -using energy units of the same quality 
I 
Figure 5.3. Diagram defining the energy investment ratio 
for evaluating whether matching of invest- 
ments with environmental contributions is 
competitive and its loading of environmental 
systems. 
Service provided AF 
Consumer AY Service increase 
efficiency - - 
amplifier AF Investment increase* 




Figure 5.4. Diagram defining consumer efficiency 
amplifier. 
Some of the subsystem analyses are included with the main 
text about a country. Others are included as an appendix, es- 
pecially when their purpose was to evaluate an energy transfor- 
mation ratio. 
Estimating Embodied Energy of Service of a Subsystem 
A subsystem such as corn production (Figure 3.2) receives 
services, but also contributes the embodied energy of its direct 
energy sources to the general economy and to the energy-dollar 
ratio. To avoid double counting, the contribution of the subsystem 
energy (s) back to the economy must be subtracted from the energy- 
dollar ratio (P) before that ratio is used to calculate services 
to the subsystem. The corrected energy-dollar ratio to use is: 
( P  - - 1 X where X is GNP 
Where services are less than 1 0 %  of a subsystem and the 
category of subsystems is less than 10% of the national energy 
budget, the correction is less than 1 %  and may be ignored. 
In the corn example calculated in Appendix A9b, the correction 
is 3%. 
PART 11. ENERGY ANALYSIS OVERVIEW O F  
NATIONS: TWO CASE STUDIES 
Howard T. Odum 
Env i ro n men ta z  Engin .eer ing  S c i e n c e s ,  
U n i v e r s i t y  o f  F l o r i d a ,  G a i n e s v i Z Z e  
6. ENERGY ANALYSIS OVERVIEW OF SPAIN 
Introduction 
This is an overview energy analysis of Spain (Figure 6.1), 
its system of humanity and nature, and the interplay of renew- 
able resources, indigenous nonrenewable resources, and imported 
resources that generate the economy. Procedures and methods 
used were those given in Part I, Sections 1 to 5. After energy 
diagrams were drawn (Figure 6 . 2 ) ,  actual energy storages and 
flows were estimated. Then energy transformation ratios were 
multiplied by the actual energy data to represent all kinds of 
energy storages and flows as embodied, solar-equivalent joules. 
Various indices and ratios were evaluated to help compare Spain 
with other nations, evaluate public policy alternatives, and 
suggest trends. 
Work was aided by discussions held with the participants of 
a symposium on energy and environment in Madrid, November 17-19, 
North Africa 
Figure 6 . 1 ,  Map of Spain, its continental shelf, and main land 
uses; modified from World Atlas of Agriculture, 
vol. 1 .  

1 9 8 2  and staff of the Division of Environment, Ministerio de 
Obras Publicas and Urbanismo. Data for 1 9 8 0  were obtained from 
National Energy Plan of 1 9 8 1  by the Ministerio de Industria Y 
Energia ( 1 9 8 2 )  and from U.N. Statistics ( 1 9 8 1 ) .  Figure 6 . 3  is 
an energy summary for Spain given by Ministerio de Industria Y 
Energia ( 1 9 8 2 ) .  Like most national energy summaries, much of 
the economic resource base from environmental energies was not 
included, In the present analysis all the main energy sources 
were included on an equivalent basis by converting all to em- 
bodied solar equivalent joules. 
Results 
The main features of Spain's area pattern are summarized in 
the map in Figure 6 . 1 .  The system of causal interactions for 
Spain is given in Figure 6 . 2 .  Energy sources and symbols are 
arranged from left to right in order of their energy transform- 
ation ratios from sunlight. Spain with a long coastline on the 
Atlantic Ocean and Nediterranean Sea receives substantial work 
of the sea in tides and waves, and from nutrient upwelling which 
helps generate fisheries. Located in the Yediterranean climate 
belt, subsiding atmosphere associated with mid-latitude high 
pressure cells inhibits rains in sumner. Winds are light stratus, 
and air pollution problems are similar to those of California. 
Plains are pasture lands but dry in sunmer; sunny agriculture 
consists of olive groves and vineyards. Forests occur in 
mountains, which support some hydroelectric power generation. 
Geoiogic uplift has generated coal, uranium deposits, and some 
natural gas. The economy is moderately industrialized, much of 
Diagram of energy flows in the spsnish economy in 1981 
(Estima~c) 
Unit: M tce 
1 3.4% 1 3.5 M tce ] Hydro 
1 7.6% 1 8.0 M tce 1 real h. 
- - - - 
2 3 3 3  C'1: ;9IM-tc_~- J medium h. 
2.6% 1 2.8 M tce Natural gas 
e 
1 21.3% 1 22.4 M tce ] coal 
1 65.1% 1 68.4 M tce 1 Oil 
- - - - -  - - -  
L61.4%; 64:5 M tce--; 
- - - - -  
l mponed bunkers 3.6 Bunkers 3.6 
100% 1'55:; 3 :E I Domestic consumption of primary energy 
F i g u r e  6 .3 .  F u e l s  and e l e c t r i c i t y  f o r  S p a i n .  ( M i n i s t e r i o  d e  
I n d u s t r i a  Y E n e r g i a  1 9 8 2 )  
E6 Tonne Coa l  E q u i v a l e n t s  
it is based on imported oil. There are four nuclear power 
plants. Exports are wines, olives, coal, foods, and cattle pro- 
ducts. Tourist trade helps bring in funds to purchase fuels. 
The systems diagram of Spain (Figure 6.2) has embodied 
solar energy equivalent joules written on the pathways, Calcu- 
lations for these are given in Tables 6.1 and 6.2. The embodied 
energy contributions from environmental renewable sources are as 
great as that from fuels. 
A more aggregated summary overview is given in Figure 6.4 
which has values calculated in Table 6.3, including embodied 
energy to dollar ratio for Spain. The three arm diagram in Fig- 
ure 6.4b shows at a glance the relative role of indigenous re- 
sources, imported resources, and the embodied energy balance of 
trade. 
Finally, in Table 6.4 various indices and ratios are assem- 
bled and calculated using the embodied energy results, popula- 
tion data, and geographical data. 
Discussion 
The magnitudes of the energy sources in Table 6.1 character- 
ize the forcing pressures to which the culture and economy of 
Spain is being developed. Expressed on a similar embodied energy 
scale, they constitute a deterministic tendency, assuming one 
accepts the premises that work generates real economic value. 
Next in importance to the large oil import and embodied 
energy in services that went into imports, embodied solar energy 
Table 6 . 1 .  Energy f lows i n  Spain .  
Energy Embodied 
Actual Transformation Solar  
Foot- energy * Ratio** Energy 
note Item J/Y SEJ/J SEJ/yE20 
1 Direc t  sun l igh t  3.9 E 2 1  1 30.0 
2 Winds absorbed 1.09 ~ 1 8  1268 13.8 
3 Ocean waves 0.83 El7 25889 21.4 
4 Tides on she l f  7.31 El6 23564 18.6 
5 Rain, mechanical 2.5 El7 8888 2 2 2 .  
6 Rain, chemical,  p o t e n t i a l  16.5 El7 15444 255. 
7 Ear th  cyc le  5.9 El7 2.9 E4 171. 
8 Top s o i l  6 .0 El6 6.3 E4 38. 
9 O i l  imported 20.0 El7 5.17 E4 1034. 
1 0  Coal imported 1.88 El7 3.98 E4 75. 
11 Coal from l o c a l  sources 5.22 El7 3.98 E4 208. 
1 2  Natural  gas  0.82 El7 4.8 E4 40. 
13 Nuclear e l e c t r i c i t y  2.56 El6 15.9 E4 41. 
t o t a l  e l e c t r i c i t y  29.3 El6 15 .9  E4 465. 
14 Imported s e r v i c e s  2.07 El0 2 -31 E l 2  478. 
(S/yr) (SEJ/S) 
Footnotes  f o r  Table  6 . 1 .  
( S t a t i s t i c s  on f u e l s  and e l e c t r i c i t y  from M i n i s t e r i o  de I n d u s t r i a  
Y Energia  1982 ) .  Geographic s t a t i s t i c s  from Goodes World A t l a s  
(1979) . 
*See  Table 2.1 f o r  formulae and explanat ions f o r  each category of a c t u a l  
energy used. 
**See Table 3.1 f o r  energy t ransformat ion  r a t i o s  given here.  
1 .  D i r e c t  s u n l i g h t  
2 Area of Spa in  5.09 E l l  m2 and i t s  s h e l f  1.6 E l l  rn , mul t i -  
p l i e d  by annua l  s o l a r  energy 
F o o t n o t e s  t o  T a b l e  6 . 1  c o n t i n u e d .  
2 .  W i n d  absorbed u s i n g  v a l u e s  t y p i c a l  of O a k l a n d ,  C a l i f o r n i a .  
( V o l u m e )  ( d e n s i t y )  ( e d d y  d i f f u s i o n  c o e f . )  ( v e r t i c a l  g r a d i e n t )  2  
(area  of c o u n t r y )  
( 3 . 0  E-3 m / ~ / m ) ~ ( 6 . 6 9  E l l  m2) = 1 . 0 9  E l 8  J /y  
3 .  O c e a n  waves absorbed. 
w h e r e  speed of w a v e s  = = J ( 9 . 8  m / s e c 2 )  (6m) 
A t l a n t i c  coas t  l i n e  ( 9 4 4  km) 
O t h e r  coasts  ( 1  1 2 0  km) 
2  ( 1 1 . 2  E 5  rn) ( 1 / 8 )  ( 1 . 0 2 5  E 3  kg/m3) ( 9 . 8  m / s e c  ) ( 0 . 3 m ) ~  
4 .  T i d e  absorbed o n  she l f  ( 9 0  km x 2 0 6 4  km) 
( 0 . 5 )  ( 1 . 6 5  E l l  m2)  ( 0 . 5 )  ( 7 0 6 / y r )  ( 0 . 5 m ) ~  ( 1 . 0 2 5  E 3  kg/m3) 
5 .  G e o p o t e n t i a l  i n  r a i n  u s e d  
7 . 0 3  E4  GWH p o t e n t i a l  ( M i n i s t e r i o  de I n d u s t r i a  y  E n e r g i a  
1 9 8 2 )  
( 7 . 0 3  E 4  GWH) ( 1  E6  KWH/EWH) ( 8 6 0  k c a l / k w H )  ( 4 1  8 6  J / k c a l )  
= 2 5 3  E l 7  J / y  
6 .  C h e m i c a l  p o t e n t i a l  i n  r a i n  used.  
2  3  ( 6 . 6 9  E l l  m  ) ( 0 . 5  m / y r )  ( 4 . 9 4  J /g)  ( 1  E6  g/m 1 = 1 . 6 5  E l 7  J / y  
Footnotes to Table 6.1 continued. 
7. Earth cycle 
(heat flow) (area) 
(1 E6 3/m2/y) (5.9 Ell m2) = 5.9 ~ 1 7  J/Y 
8. TOP soil 
11.6 E6 ha forest; 23.3 E6 ha agriculture (World Atlas of 
Agriculture 1969) ; (formation) - (erosion) 
(1.16 Ell m2) (1260 g/m2/y)-(2.33 Ell in2) (250 g/m2/y) . 
= 8.79 El3 g/y 
(8.79 El3 g/y) (0.03 org.) (2.26 E4 ~ / g  org.) 
= 6.0 El6 J/y formation 
9. Imported Oil. 
68.4 E6 T coal equivalents (Ministerio of Industria Y 
Energia 1982) 
10. Imported coal. 
6.4 E6 T coal 
(6.4 E6) (7 E6 ~cal/T) (41 86 J/kcal) = 1.87 El7 ~ / y  
1 1 .  Local coal used. 
(17.8 E6 T/g coal) (7 E6 kcal/T) (41 86 J/kcal) = 5.22 El7 J/yr 
12. Natural gas used, 2.8 E6 tonne equivalents of coal. 
(2.8 E6 Tec) (7 E6 kcal/Tec) (4186 ~/kcal) = 0.82 ~ 1 7  ~ / y r  
13. Nuclear electricity 
(1/4) (3.5 E6 coal equiv.T) (7 E6 kcal/~ec) (41 86 J/kcal) 
Total electricity: (40 E6 T coal/y) (7 E6 kcal/T) (41 86 J) (0.25) 
= 2.93 El7 J/y 
14. Imported services 
U.S.$ equivalent paid for imports in 1978, $20.72 E9; energy/$ 
for U.S., Appendix A4. 
T a b l e  6 . 2 .  E n e r g y  s t o r a g e s  i n  S p a i n *  
Foot- 
no t e  1tem 
Energy Embodied 
Actua l  Transformat ion s o l a r  energy 
energy r a t i o * *  s t o r e d  
J SEJ/J SEJ E22 
1 S o i l  6 .1  El9 1 .3  E4 79.3 
2  Wood 1 .70  El9  3.5 E4 59.5 
3  Freshwate r  1 .53 El9  4.1 E4 62.7 
4  Coal r e s e r v e s  4.9 E l9  4.0 E4 196. 
5  Uranium 1 .63  ~ 1 9  1793 2.9 
T o t a l  
F o o t n o t e s .  t o  T a b l e  6 . 2 .  
*s torages  w i th  t u r n o v e r  t i m e s  l onge r  t han  one y e a r .  
* * ~ r o m  Table  3.1 (Sec t i on  3,  t h i s  s t udy )  . 
2  3  2  1 .  S o i l :  ( 5 . 0 9  E l l  rn ) ( 6  E8 ~ / r n ~ )  ( 0 . 2  m  /m ) = 6 . 1 1  E l 9  J 
2 .  Wood s t o c k :  1 1 . 6  E6 H a  (World A t l a s  o f  ~ g r i c u l t u r e  1 9 6 9 )  
( 1 1 . 6  E l 0  m2)  ( 1  E4  g/ rn2)  ( 3 . 5  k c a l / g )  ( 4 1 8 6  J / k c a l )  
= 3 . 7 0  E l 9  J 
2  3 .  G r o u n d  w a t e r  i n  u p p e r  100m: ( 5 . 0 9  E l  1  m  ) ( 1  0 0  m) 
3  ( 0 . 1 0  p o r e  s p a c e )  ( 1  E6 gH20/m ) ( 3  J / g )  = 1 . 5 3  E l 9  
4 .  C o a l  reserves: ( M i n i s t e r i a  de I n d u s t r i a  Y E n e r g i a  1 9 8 2 )  
( 1 . 6 7 6  E9 T )  ( 7  E6 k c a l / T )  ( 4 1 8 6  J / k c a l )  = 4 . 9 1  E l 9  J 
5 .  U r a n i u m :  ( M i n i s t e r i a  de I n d u s t r i a  Y E n e r g i a  3 9 8 2 )  
A c t u a l  n u c l e a r  e n e r g y  s tored ava i l ab le  t o  f i s s i o n :  
( 2 9 . 2 5  E3  T  u ran . )  ( 0 , 0 0 7  U 2 3 5 / u r a n . )  ( 1  E6 g / T )  
( 1 . 9  E7  k c a l / g )  ( 4 1 8 6  J / k c a l )  = 1 . 6 3  E l 9  J 
.. ..... lmponed 
resources 
I 
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F i g u r e  6 . 4 .  Aggregated overviews o f  Spa in .  
( a )  Diagram f o r  Tab le  6 . 3  where pa th -  
ways were e v a l u a t e d  i n  s o l a r  equ iva -  
l e n t  j o u l e s ;  ( b )  F u r t h e r  a g g r e g a t i o n  
t o  form a  three-arm diagram.  
Table 6.3. Summary flows for Spain, see Figure 8.4. 
Letter in 
Figure 6.4 Item 
Numerical 
value 
Renewable sources used, S E J / ~ ~  
Nonrenewable sources flow from 
within the country (sEJ/yr) : 
N1 concentrated use (SEJ/yr) 
N exported without use (sEJ/~~) 2 
Imported minerals and fuels (SEJ/yr) 
Imported goods (SEJ/yr) 
Imported service ( s E J / ~ ~ )  
Dollars paid for imports 
Dollars paid for exports ($/yr) 
~xported services (SEJ/~~) 
Exported products, transformed 
within the country (SEJ/~~) 
Gross National Product ($/yr) 
Ratio embodied energy to dollar of 
imports (SEJ/$, 1978) 
Ratio embodied energy to dollar with- 
in the country and for its exports 
(SEJ/$) 
R Largest of the solar inputs was used, chemical potential of 
rain, Item 6, Table 8.1. 
N1 Natural gas and local coal, items 1 1  and 12, Table 6.1. 
F Sum of imported oil and coal, items 9 and 10, Table 6.1, 
X National product, 1.022 E12 Pesetas; 0.0131  peseta 1978. 
G,B Goods were not evaluated separately; their embodied energy 
was included in services. 
Table 6 . 4 .  indices us ing  embodied energy f o r  n a t i o n a l  overview 
of Spain  
Item Name of index and expression, see Figure 4 . 1  
Renewable embodied energy 
flow 
Flow from indigenous non- 
renewable reserves 
Flow of imported embodied 
energy 
Total embodied energy 
inflows 
Total embodied energy used, 
u 
Total exported embodied 
energy 
Fraction of embodied energy 
used derived from home 
sources 
Imports minus exports 
~ a t i o  f exports t o  imports 
Fraction used, local ly  re- 
newable 
Fraction of use purchased 
Fraction used tha t  i s  im- 
ported service 
Fraction of use t h a t  is f r ee  
Ratio of concentrated t o  
ru ra l  
Use per uni t  area 
(5.05 E l l  m2) U/ (area) 
Use per capita 
(34.6 E6 people) U /  (population) 
Renewable carrying capacity 
a t  present l iving standard (R/U) (population) 4.2 E6 people 
Developed carrying capcity 
a t  same living standard 8 (R/U)  (population) 33 E6 people 
1.56 E l 2  SEJ /$  Ratio of use t o  G N P ,  
in rainfall is most important even though the country has dry 
provinces. Waves and tide although large when considered for a 
coastal province, are not large when prorated over the area of 
the whole country. 
The summary in Figure 6.4b shows the preponderance of the 
economic basis in outside imports (76%). The ratio to indig- 
enous matching resources from the environment (7.2) is large, 
representing a high degree of economic and development environ- 
mental loading. The total embodied energy input per person and 
per area is large. 
The ratio of concentrated energy to rural energies is about 
as high.as the United States. These indices indicate the high 
degree of development of available environmental resources, per- 
haps indicating little basis for attracting additional investment. 
The embodied energy per dollar circulating is somewhat less than 
that of the United States. Only one-fourth of the present 
standard of energy per person is based on indigenous resources, 
making the present economy dependent on continued symbiotic re- 
lationships with North African oils. 
Comparing rates of total energy use (2.08 E23 SEJ/y) with 
total reserves in Table 6.2 (40.0 E23 SEJ) indicates little way 
to sustain current economic levels without fossil fuel imports. 
The total embodied energy reserve would last only 20 years. 
The carrying capacity without outside imports would be 4 
million people at the present standard of living (Table 6.4). 
The present economy is highly dependent on a favorable 
balance of energy with North Africa, at current prices receiving 
net energy of 7 to 1 relative to embodied energy of dollar trade. 
Proximity to North Africa provides a 10% edge in transportation 
costs for fuels, and future availability may depend on an inte- 
gration of economic and noneconomic feedbacks of service to 
North Africa to reinforce the mutual advantages of continued fuel 
supply 
Because nuclear plants are only competitive in supplying 
electricity, their use depends on electric demand. If general 
growth is not ~ossible, and energy per person not likely to go 
higher, then demand for high quality energy of electricity is 
not likely to increase, Hence further investment in nuclear 
plants is not good policy. Nuclear plants are not a good net 
energy for supplying general heating or substitution for solid 
and liquid fuels used directly, 
Whereas underdeveloped countries with large undeveloped 
environmental energy attractions may develop further attracting 
investments in competition with developed and overdeveloped 
nations, Spain is already among those countries that may turn 
down as North African net energies of oil and gas decline early 
in the next century or sooner. 
SUMMARY 
An energy  a n a l y s i s  o f  t h e  main energy f l o v ~ s  d r i v i n g  t h e  economy 
o f  humans and l i f e  s u p p o r t  sys tems  was made i n c l u d i n g  environmen- 
t a l  e n e r g i e s ,  f u e l s ,  and i m p o r t s ,  a l l  e x p r e s s e d  a s  embodied 
s o l a r  e q u i v a l e n t s .  The t o t a l  embodied ene rgy  u s e  (2090 ~ 2 0  
SEJ/yr)  i s  7 6 %  from impor ted  s o u r c e s ,  o i l  and embodied ene rgy  
of  s e r v i c e s  accumula ted  i n  purchased  goods.  The embodied ene rgy  
f l o w s  from t h e  envi ronment  a r e  modes t ,  because  t h e  s h a r e  of  
g l o b a l  i n p u t s  such  a s  r a i n  and g e o l o g i c a l  u p l i f t  f l u x  a r e  
modest.  Consequen t ly ,  t h e  r a t i o  o f  o u t s i d e  i n v e s t m e n t s  t o  a t -  
t r a c t i n g  n a t u r a l  r e s o u r c e s  i s  a l r e a d y  l a r g e ,  l i k e  o t h e r  indus -  
t r i a l i z e d  c o u n t r i e s .  The p o p u l a t i o n  l e v e l  i s  a l r e a d y  c l o s e  t o  
t h e  c a r r y i n g  c a p a c i t y  t h a t  i s  c o m p e t i t i v e .  With l e s s  f r e e  em- 
bod ied  ene rgy  from e n v i r o n m e n t a l  s o u r c e s ,  t h e  e n e r g y  p e r  d o l l a r  
i s  l e s s  t h a n  i n  underdeveloped c o u n t r i e s  and some deve loped  o n e s .  
I f  t h e  p r e s e n t  economy were r u n n i n g  e n t i r e l y  on s t o r e d  r e s e r v e s  
of  f u e l s ,  s o i l s ,  wood, e t c . ,  it would l a s t  o n l y  20 y e a r s ,  Its 
c a r r y i n g  c a p a c i t y  f o r  s t e a d y  s t a t e  on i t s  r enewable  s o u r c e s  i s  
o n l y  4 , 2  m i l l i o n  p e o p l e ,  compared t o  34 m i l l i o n  i n  1980. Con- 
t i n u e d  a v a i l a b i l i t y  o f  f o r e i g n  o i l  a t  a  f a v o r a b l e  b a l a n c e  of 
ene rgy  t r a d e ,  c u r r e n t l y  a b o u t  7 t o  1 n e t  e n e r g y ,  i s  t h e  b a s i s  f o r  
p r e s e n t  economic a c t i v i t y  and must d e c r e a s e  a s  t h e  n e t  ene rgy  of  
f o r e i g n  o i l  p u r c h a s e s  g o e s  down. C l o s e  economic i n t e g r a t i o n  w i t h  
North A f r i c a  may d e t e r m i n e  how l o n g  t h i s  i s  p o s s i b l e  i n  t h e  f u t u r e .  
Elisabeth C. Odum 
S a n t a  Fe Community C o l l e g e ,  
G a i n e s v i l l e ,  F l o r i d a  
Howard T. Odum 
Env i ronmen ta l  E n g i n e e r i n g  S c i e n c e s ,  
U n i v e r s i t y  o f  F l o r i d a ,  G a i n e s v i l l e  
7. ENERGY ANALYSIS OVERVIEW OF LIBERIA* 
Introduction 
Understanding the relationships of energy flow to economies 
is a major area of scientific inquiry. When the flows and pro- 
cesses of national systems are fully combined using energy to 
include the environmental inputs, flows of money, hierarchical 
patterns, human roles, and international exchanges, new ways of 
determining economic vitality are suggested. The study of a sys- 
tem in this way is called energy analysis. Now, the goals of 
international exchanges are directed by considerations of the 
balance of money payments. This analysis proposes that the 
balance of embodied energy be the goal. 
Liberia (~igure 7.1 ) , 1 1  1 E3 kmL in area, with a population 
of about 1.8 million (1977), is located on the west coast of 
*Expanded from a report for a course in energy analysis at 
the University of Florida in 1979. 
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Figure 7.1. Land use map of Liberia. (Data 
compiled from Van Chi-Bonnardel 1973). 
Africa between 5' and 8 ' north. It is bordered on the northwest 
by Sierra Leone, on the north by Guinea, and on the east by the 
Ivory Coast. It has a 563 km Atlantic Ocean coastline on the 
southwest. 
There are three regions: a littoral plain edged by a 
straight sandy and mangrove shoreline, a plateau, and mountains. 
The climate is humid with alternating long rainy and short 
dry seasons. There are six major rivers which are not 
accessible for transportation, but which have been estimated 
as having the hydroelectric potential of several hundred 
thousand KW. Hydroelectricity could be a valuable resource 
providing industry and jobs. 
One of the major questions is whether it is necessary for 
small countries to contribute to the economies of larger nations 
in order to maximize the power of the whole international system. 
Is there a way to make their internal useful embodied energy per 
person more equal to that of the countries like the Netherlands 
and Japan which import more embodied energy than they export? 
comparative studies of countries and energy sources may 
he3p determine national patterns of economics and international 
relations. Liberia is part of the group of nations that has 
resources which have not been tapped and also does not import 
much energy in fuels or goods. The average income was about 
$400 per capita in 1 9 7 7  (Collier Ency. 1 9 8 2 ) ;  9 5 %  of the 
people were illiterate; and there was little local industriali- 
zation. The mining and export of iron, its largest export, 
did not affect many Liberian people. About half of the rubber, 
which was 14% of t h e i r  e x p o r t s ,  was grown by s m a l l  f a r m e r s ,  b u t  
was a lmos t  a l l  e x p o r t e d .  Only a b o u t  h a l f  o f  t h e  wood p r o d u c t i o n  
was used l o c a l l y ,  
S e v e r a l  q u e s t i o n s  may be r a i s e d  a b o u t  how t h i s  c o u n t r y  can  
u s e  i t s  r e s o u r c e s  t o  maximize i t s  own power. How can a  s m a l l  
c o u n t r y  w i t h  a  r e l a t i v e l y  s m a l l  p o p u l a t i o n  u s e  a  l a r g e  r e s o u r c e  
l i k e  i r o n  t o  b e n e f i t  i t s  own peop le?  
Rubber p l a n t a t i o n s  a r e  an  i m p o r t a n t  economic a c t i v i t y  ( F i g -  
u r e  7 . 1 ) .  They were s t a r t e d  by l a r g e  r u b b e r  companies from t h e  
Uni ted  S t a t e s  i n  1926,  A s  p r o d u c t i o n  i n c r e a s e d ,  t h e  t r e n d  was 
toward more s m a l l  l o c a l  p r o d u c e r s .  But ,  when f o s s i l  f u e l s  became 
more a v a i l a b l e  and t h e  world demand f o r  n a t u r a l  r u b b e r  d e c r e a s e d ,  
t h e  rubber-producing p a r t  of t h e  economy became d e p r e s s e d .  A s  
f u e l  c o s t s  r ise and t h e  wor ld  can  produce  l e s s  s y n t h e t i c  f o s s i l -  
f u e l  r u b b e r ,  t h e  demand f o r  n a t u r a l  r u b b e r  may i n c r e a s e .  How 
can L i b e r i a  e x p l o i t  t h i s  r e s o u r c e  t o  i t s  b e s t  advan tage ,  w i t h  
o r  w i t h o u t  t h e  b i g  American companies of Goodyear and F i r e s t o n e ?  
The r a i n  f o r e s t ,  which c w e r e d  o n e - t h i r d  o f  t h e  l a n d  i n  
1977 was r a p i d l y  b e i n g  d e s t r o y e d .  The amount c u t  was much 
g r e a t e r  t h a n  was b e i n g  r e p l a c e d .  What l a n d - ~ s e  p o l i c y  can  sus -  
t a i n  a  long  term y i e l d ?  
I n  1820 t h e  L i b e r i a  c o a s t  was s e t t l e d  by l i b e r a t e d  b l a c k  
s l a v e s  from t h e  American c o l o n i e s .  I n  1847 t h e  independen t  
Republ ic  o f  L i b e r i a  was procla imed under P r e s i d e n t  Tubman. L a t e r  
t h e  i n t e r i o r  was i n c l u d e d .  The 5% Americo-Liberians had t h e  
e d u c a t i o n  and h e l d  t h e  p o l i t i c a l  power u n t i l  1980. I n  t h a t  y e a r  
Master  S a r g e a n t  Samuel Kenyon Doe over th rew P r e s i d e n t  T o l b e r t  
and se t  up t h e  P e o p l e ' s  Redemption Counc i l  of t h e  Armed Forces  
of L i b e r i a .  T h i s  r u l i n g  group were from t h e  " c o u n t r y  peop le"  
which were 95% of t h e  p o p u l a t i o n  and came from many d i f f e r e n t  
t r i b e s .  
There  were some r o a d s ,  most o f  which were b u i l t  i n  World 
War 11, and a n  i ron-mining r a i l r o a d ,  b u t  most o f  t h e  i n t e r i o r  
had l i t t l e  in te rcommunica t ion .  Because of  t h e  open-door econ- 
omic p o l i c y  of  p r e s i d e n t s  Tubman and T o l b e r t ,  t h e r e  a r e  many 
f o r e i g n  companies.  The p e r  c a p i t a  income was one o f  t h e  h i g h e s t  
i n  A f r i c a .  Most o f  t h e  p o p u l a t i o n  was f a r m e r s  who grew r i c e  and 
manioc w i t h  s l a sh -and-burn  a g r i c u l t u r e .  The most i m p o r t a n t  
commercial c r o p s  were c o f f e e ,  o i l  palm, p i a s s a v a  palm, bananas , '  
and p e a n u t s .  
Rubber was t h e  p r i n c i p l e  e x p o r t  c r o p ;  t i m b e r  was i m p o r t a n t .  
I r o n  mining p rov ided  t h e  l a r g e s t  e x p o r t  income. Mining o f  d i a -  
monds, g o l d ,  b a u x i t e ,  and o t h e r  m i n e r a l s  was a  p o t e n t i a l  s o u r c e  
of  e x p o r t  income. 
There  were some s m a l l  i n d u s t r i e s  on t h e  c o a s t ,  i n c l u d i n g  
r u b b e r  p r o c e s s i n g  p l a n t s ,  These and most of  t h e  domes t i c  t r a d e  
were run  f o r  f o r e i g n  i n t e r e s t s ,  Expor t s  were i r o n ,  r u b b e r ,  
wood, diamonds, and c o f f e e .  The c o u n t r y  impor ted  f o o d s ,  f u e l ,  
chemica l s ,  and c a p i t a l  equipment .  F o r e i g n  a i d  came from t h e  
U . S .  and Western European c o u n t r i e s .  
Many f o r e i g n  s h i p s  f l e w  t h e  L i b e r i a n  f l a g ,  and t h e  L i b e r i a n  
merchant  f l e e t  had s e v e r a l  l a r g e  o i l  t a n k e r s  and o r e  c a r r i e r s .  
Few r e g u l a t i o n s  and low f e e s  encouraged f o r e i g n  r e g i s t r a t i o n s ,  
The population of about 1.8 million (1977) lived mostly 
2 in rural areas. The overall density was .17/ha (IO/km ) ,  with 
a 3.5% growth rate (U.N. 1 9 8 1  Only blacks could become citi- 
zens. Malaria-carrying anopheles mosquitos, tsetse flies, and 
poor sanitation in the cities facilitated diseases. Most large 
wildlife had been destroyed. 
Methods 
The Liberian energy system was described, evaluated, and 
studied using the following steps. 
A complex national diagram was drawn using the energy sys- 
tems language. An aggregated diagram was used as a plan in which 
each pathway was evaluated with a calculation table, The energy 
of the surrounding ocean area was included as part of the coun- 
try's energy sources. Subsystem diagrams of the major economic 
flows were evaluated. 
Most energy transformation ratios were taken from Section 
3. The energy transformation ratios of rubber and rainforest 
wood, in terms of sunlight, were calculated in this paper. 
Various ratios (net energy yield ratio, energy investment 
ratio, etc.), were calculated to compare subsystems, A basic 
overview diagram was used to represent totals for overall 
comparisons, Several ratios (outside-inside energy ratio, em- 
bodied energy trade ratio, etc,), were calculated to compare 
Liberia with other countries and to support predictions and 
recommendations. 
R e s u l t s  
An energy  d iagram f o r  L i b e r i a  i s  g i v e n  i n  F i g u r e  7 .2 .  I t  
shows t h e  energy sys tem of L i b e r i a  which i n c l u d e s  o u t s i d e  energy  
s o u r c e s ,  p r o d u c t i v e  l a n d  u s e s ,  m i n e r a l  s t o r a g e s ,  i n d u s t r i e s  and 
t h e  p r i m a r i l y  human sys tems .  
The energy  f l o w s  a r e  summarized i n  Tab le  7.1 and t h e  s t o r -  
a g e s  i n  Tab le  7 .2 .  I n  F i g u r e  7 .3  t h e  d iagram i s  a g g r e g a t e d  t o  
show t h e  e v a l u a t e d  f l o w s .  Although t h e  energy  of  t h e  d i r e c t  sun  
i s  high  s i n c e  L i b e r i a  i s  n e a r  t h e  e q u a t o r ,  t h e  embodied s o l a r  
ene rgy  i n  w a t e r  p u r i t y  i n  r a i n  i s  s i x t y  t i m e s  g r e a t e r .  S i n c e  it 
i s  l a r g e r  t h a n  any o f  t h e  o t h e r  s o l a r - b a s e d  s o u r c e s ,  it was used 
a s  t h e  c o u n t r y ' s  o u t s i d e  renewable energy  f low f o r  f u r t h e r  c a l c u -  
l a t i o n s ,  The r u n o f f  from r i v e r s  and r a i n  i s  a l s o  h i g h ,  because  
o f  t h e  i n l a n d  m o ~ n t a i n s  and t h e  h i g h  r a i n f a l l  of  a  r a i n  f o r e s t  
c l i m a t e .  The g e o l o g i c a l  u p l i f t  i s  less t h a n  t h e  world average  
because  L i b e r i a  i s  p a r t  of  t h e  l a r g e  s t e a d y  A f r i c a n  p l a t e .  Ocean 
waves average  a b o u t  1 . 2  m e t e r s  a l o n g  a  c o a s t l i n e  o f  568  km, where 
most of t h e i r  ene rgy  i s  absorbed on sandy s h o r e s  and mangroves. 
Energy-Dollar  R a t i o  
The e n e r g y - d o l l a r  r a t i o  (Tab le  7 .3 )  f o r  L i b e r i a  i n  1977 was 
c a l c u l a t e d  from energy  i n f l o w s  from w a t e r  p u r i t y ,  impor ted  f u e l ,  
and impor ted  goods and s e r v i c e s  ( F i g u r e  7 . 3 ) .  The Gross  N a t i o n a l  
P roduc t  (GNP) i s  t h e  sum o f  t h e  Gross  Domestic P roduc t  (GDP) and 
t h e  d o l l a r s  from e x p o r t s ,  f o r e i g n  a i d ,  i n v e s t m e n t ,  and t h e  reven- 
u e s  from t h e  merchant  f l e e t .  

T a b l e  7 . 1 .  E n e r g y  f l o w s  of L i b e r i a .  
Energy Ernbod i e d  
A c t u a l  T r a n s f o r m a t i o n  S o l a r  
Foot -  Energy* R a t i o * *  Energy 
n o t e  Type o f  Energy J/Y (ETR) SEJ/J  E20 SEJ/y 
I Direct s u n l i g h t  6.9 E20 1 6.9  
2 Wind 1 . 6 5  E l 6  1268  0.20 
3 Ra in ,  c h e m i c a l  p o t e n t i a l  2.76 E l 8  15444 427.3 
4 R a i n ,  g e o p o t e n t i a l  8 .19  E l 7  8888 72 .8  
5 T i d e  3.75 E l 6  23564 8.8 
6 Waves 1 . 2 8  E l 7  25889 33 .1  
7 R i v e r s ,  s e d i m e n t  2.07 E l 0  
8 R i v e r s ,  g e o p o t e n t i a l  1.72 E l 7  23564 40.7 
9 Top s o i l  
1 0  E a r t h  c y c l e  
1 . 3 4  E l 6  6 .25  E4 8 . 4  
2 .2  E l l  2 .71  E l 0  59.6 
11 N e t  l o s s  o f  e a r t h  4 .98  E5 T - 1 . 7 1  E15/T 8 .5  
1 2  I r o n  p r o d u c t i o n  1 . 5 6  E l 4  6.0 E7 93.9  
1 3  Rubber p r o d u c t i o n  1 1 . 5  E14 22.2 E4 2.55 
1 4  R a i n f o r e s t  wood p r o d u c t i o n  6 .79  E l 4  30.8 E4 2.09 
1 5  E l e c t r i c i t y ,  hydro  1 . 0 8 E 1 5  1 5 . 9  E4 1 .72  
1 6  E l e c t r i c i t y ,  t h e r m a l  1 . 9 9  E15 1 5 . 9  E4 3 .16  
1 7  I r o n  e x p o r t s  1 . 5 6  E14 6 . 0  E7 93.9  
1 8  Rubber e x p o r t s  1 1 . 5  E l 4  20.6 E4 2.37 
1 9  R a i n f o r e s t  wood e x p o r t s  2.78 E l 4  30 .8  E4 0 .86  
2 0 Merchant  f l e e t ,  e x p o r t s  - - 0.42 
2 1 S e r v i c e s  i n  e x p o r t  - - l l 4 . 9  
2 2 S e r v i c e s  impor ted  - - 12 .29  
2 3 F u e l  i m p o r t s  1 9 . 9  E l 5  5 .17  E4 1 0 . 3  
24 Goods impor ted  3 . 0  E l 6  5.17 E4 1 5 . 5  
25 F o r e i g n  a i d  - - .81 
26 F o r e i g n  i n v e s t m e n t  - - 1 . 8 5  
F o o t n o t e s  t o  T a b l e  7 .1 .  
*See T a b l e  2 . 1  f o r  fo rmulae  and e x p l a n a t i o n s  f o r  e a c h  c a t e g o r y  
o f  a c t u a l  e n e r g y  c a l c u l a t i o n s .  
**See T a b l e  3 .1  f o r  e n e r g y  t r a n s f o r m a t i o n  r a t i o s  g i v e n  h e r e .  
1 .  Direct s u n l i q h t  
2  2 S u n l i g h t :  1 .30 E6 kcal/m /y ( S e l l a r s  1965) = 5.44  E9 J / m  /y 
2  L i b e r i a :  11 ,370 km2 = 11.14 E l0  m . C o n t i n e n t a l  s h e l f  
a v e r a g e  w i d t h  17 m i  = 28 km. C o a s t l i n e :  568 km. T o t a l  
a r e a  ( l a n d  and s h e l f ) :  12.73 El0  m2 (Min. I n f o .  1 9 7 9 ) .  
( T o t a l  a r e a )  (Average i n s o l a t i o n )  
2 (12 .73  E l0  m 2 )  (5 .44  E9 J / m  /y )  = 6 . 9  E2O J / y  
2.  Wind 
Used t y p i c a l  v a l u e s  f o r  Tampa, F l o r i d a  i n  J u l y :  Eddy 
d i f f u s i o n  1 .7  m 3 / m 2 / s e c ,  v e r t i c a l  g r a d i e n t  1 .5  m / s / m  
(Odufn e t  a l .  1983)  
2 (mass)  (eddy d i f f u s i o n )  ( v e r t i c a l  g r a d i e n t )  ( a r e a )  
3  ( 1  m 2 )  (1000 m )  (1 .23  kg/m ) (1 .7  m 3 / m 2 / s )  (3 .14  E7 s / y )  
3. Ra in ,  c h e m i c a l  p o t e n t i a l  
P r e c i p i t a t i o n :  174 .9"  = 4 . 4  m/y (Min. I n f o .  1979b) 
( a r e a  l a n d  + s h e l f )  ( a v .  r a i n )  (Gibbs  f r e e  e n e r g y )  ( u n i t s )  
2  (12 .73  E l 0  m ) ( 4 . 4  m/y) (4 .94  J / g )  ( 1  E6 g/m3)  = 2.76 E l8  J/y 
4 .  Rain  g e o p o t e n t i a l  
Average e l e v a t i o n :  250 m (von G n i e l i n s k i  1 9 7 2 ) ,  Runoff :  
3  m/y (Min. I n f o .  1979b) 
( a r e a  l a n d )  ( a v .  e l e v a t i o n )  ( r u n o f f )  ( d e n s i t y )  ( g r a v i t y )  
2 2 (11.14 E l0  m ) (250 m)  ( 3  m/y) ( 1  E3 kg/n3) ( 9 . 8  m / s  ) 
Footnotes to Table 7.1 continued. 
5. Tide 
Mean tide amplitude, spring tide: 1.2 m (Dietrick 1963). 
Absorbing area of shelf (estuaries negligible): 525 km 
straight coastline, average width 28 km. 730 tides/y. 
2 (shelf area) (0.5) (tides/y) (av. ht. ) (density) (gravity) 
( X  absorbed) 
2 (1.47 El0 m ) (0.5) (706/y) (1.2 m) (1.2 m) (1.025 E3 kg/m3) 
6. Waves 
2 To get wave velocity: Gd = (gravity) [depth) = (9.8 m/s ) 
( 4  .m) = 39.2 m2/s2). Wave velocity = sq.rt Gd = 6.26. 
Average wave height: 0.99 m. 
(straight shore 19th) (1/8) (density) (gravity) (ht12 (velocity) 
(525 ~3 m) (1/8) (1.025 E3) (9.8 m/s2) (-99 m) (-99 m) (6.3 m/s) 
7. Rivers, physical potential in sediment .load 
Erosion: 50-1 00 tons/km2 (Snead 1980) 
(erosion/area/y) (area) (gravity) (average elevation) 
2 2 2 (75 E-6 T/m /y) (11.14 El0 m2) (1 E3 kg/T) (9.8 m /s ) (250 m) 
8. Rivers, flowing geopotential 
Volume flow of the 6 major rivers: 58 mil acre-feet (Min. 
Info. 1979 a) 
(volume flow) (density) (av. ht. river) (gravity) 
3 2 (7.05 El0 m /y) (1 E3 kg/m3) (250 m) (9.8 m/s ) = 1 .72 El7 J/y 
9. Top soil deposition 
(farmed area) (850 g/m2/y) - (area of secondary forest) 
2 (1260 g/m2/y) (2280 sq. mi. l(2.6 E6 m2/sq.ni) (850 s/m /y) - 
- (4.85 E6 acres)(4046.9 m2/acre) (1260 g/m2) (1.97 ~ 1 3  s/i2/y) 
Footnotes to Table 7.1 continued. 
(elevation rate) (area) (density) (J/g) 
3 (0.5 E-5 m/y) (11.14 El0 m2) (2.6 E6 g/m ) (50 J/g) 
10. Rock uplift, geopotential 
Rock uplift of granite assumed 1/5 of world rate (Judson 
1968): 0.5 cm/1000 y. 
(elevation rate) (area) (rock density) (0.5) (gravity) 
(elevation) 
1 1 .  Net loss of earth 
Erosion: 50-1 00 ~ / k m ~ / ~  (Snead 1980) : typical formation rate, 
31.2 g/m2/y. 
((erosion rate) - (formation rate)) (area of country) 
Since the data on the earth formation rate in moist tropics are 
not available,this earth loss value was omitted from the totals. 
12. Iron 
Iron ore (Fe content) mined: 11.0 E6 metric tons, 1977 
(U.N. 1981). Free energy: 14.2 J/g (Gilliland 1983). 
(T/y) (Gibbs free energy) 
13. Rubber 
Rubber produced: 78.5 E3 metric tons/y (U.N. 1981), 
3.5 kcal/g. 
(T/Y) (Gibbs free energy) 
F o o t n o t e s  t o  T a b l e  7 . 1  c o n t i n u e d .  
1 4 .  R a i n f o r e s t  wood  
3  P r o d u c t i o n  o f  r o u n d w o o d  w i t h o u t  b a r k :  4 . 6  E6 m  , 1 9 7 7 .  
Sawn wood p r o d u c t i o n :  2 3 3  E3  m3, 1 9 7 7  ( U . N .  1 9 8 1 ) .  
T o t a l  wood  p r o d u c e d :  4 . 8 3  E6 m3. D e n s i t y  o f  r a i n f o r e s t  
wood:  0 . 8  g/cm3; 4 . 2  k c a l / g .  G r a m s  o f  wood:  (wood  m3) 
( d e n s i t y )  = ( 4 . 8 3  E6 m3) ( . 8  g/cm3) ( 1  E4 cm3/m3) = 3 . 8 6  E l 0  g  
1 5 .  E l e c t r i c i t y ,  h y d r o  
3 0 0  E6  kwh,  1 9 7 7  (U.N. 1 9 8 1 )  
( 3 0 0  E6 kWh/y) ( 3 . 6  E6  J /kWh) = 1 . 0 8  E l  5  J / y  
1 6 .  E l e c t r i c i t y ,  t h e r m a l  
5 5 2  E6  kwh,  1 9 7 7  (U.N. 1 9 8 1 )  
( 6 0 0  E6 kWh/y) ( 3 . 6  E6 J /kWh) = 1 . 9 9  E l  5  J / y  
1 7 .  I r o n  expor ts  
A l l  i r o n  i s  exported.  
1 8 .  R u b b e r  exports  
A l l  r u b b e r  p r o d u c e d  i s  exported. 
1 9 .  R a i n f o r e s t  wood  exported 
4 1 %  of t h e  c u t  wood i s  exported ( M i n .  I n f o ,  1 9 7 9 a ) .  
( . 4 1 )  ( 6 . 7 9  E l 4  J / y )  = 2 . 7 8  E l 4  J / y )  
2 0 .  M e r c h a n t  F l e e t  E x p o r t  
( L o c a l  e n e r g y / $  r a t i o )  ( $ )  
( 2 . 5 7  E l 3  S E J / $ )  ( $ 1 6 . 5  E 6 )  = 0 . 4 2  E20  S E J  
Footnotes to Table 7.1 continued. 
21. Services exported 
(Local energy/$ ratio) ( $ )  
(2.57 El3 SEJ/$) (447 E6 $ )  = 114.9 E20 SEJ 
22. Services imported 
(US energy/$ ratio) ( $ )  
(2.31 El2 SEJ/$) (532 E6 $ )  = 12.29 E20 SEJ 
23. Fuels imported 
.6 E6 T coal equivalent (Sivard 1981). 1mtce = 5.05 bbl 
oil: 
(5.05 bb1)(.6 E6 T) = 3.0 E6 bbl oil 
Goods imported 
Imports, 1977: 532 E6 $US; food 28%, machinery, etc., 
72% (Min. Info. 1979a). Rice in fuel equivalents: 
26.47 MJ/1974 $; machinery in fuel equivalents: 82.0 MJ/ 
1974 $ (Fluck and Baird 1980). Inflation rate of 50%/year 
reduces values to rice in 3977 $ = 22.5 11J/$; machinery 
in 1977 $ = 69.7 MJ/$. 
Food: (,28) (532 E6 $ )  (22.5 E6 J/$) = 3531.6 E12 J 
Machinery: (.72) (532 E6 $ )  (69.7 E6 J/$) = 26697.9 ~ 1 2  J 
Total = 3.0 El6 J fuel eq./y 
25. Foreign aid 
35 E6 $ US (Min. Info, 1979b) 
(35 E6 $US) (2.31 El2 SEJ/$US) = .81 E20 SEJ/y 
26. Foreign investment 
80.1 E6 $US (Min. Info. 1979b) 
(80.1 E6 $US) (2.31 E12 SEJ/$US) = 1.85 E20 
T a b l e  7 . 2 .  E n e r g y  S t o r a g e s  o f  L i b e r i a .  
Foot- 
no te  Type of Energy 
Energy mbodied  
Actual  Transformation So la r  
Energy Rat io  Energy 
J (ETR) SEJ/J E24 SEJ 
1 Rain fo re s t  s o i l ,  chem. 4,.7 E l 9  6 . 2 5  E4 2 . 9  
2 Rubber p l a n t a t i o n  t r e e s  - - 0.0027 
3 Ra in fo re s t  wood, market- 
a b l e  1.42 El9  30.8 E4 
4 Ra in fo re s t  wood, l o c a l  
u se  2.05 El9 3 -49  E4 
5 ~ r o n ,  chemical  16 .1  El5 6.0 E7 0.97 
6 Bedrock ( g r a n i t e )  , 
them. 14.54 El9  1 .71  E7 2486.3 
7 Mountain rock ,  geo.  7.09 El8 7.21 El5 (51.2 E33) 
F o o t n o t e s  t o  T a b l e  7 . 2 .  
1 .  R a i n f o r e s t  s o i l ,  c h e m i c a l  p o t e n t i a l  
(Vo lume  o f  m a t e r i a l )  ( d e n s i t y )  ( o r g a n i c  f r a c t i o n )  
(J /g  o r g a n i c  m a t t e r )  
2 .  R u b b e r  p l a n t a t i o n  t rees  
2  P l a n t a t i o n  area:  7 . 7  E8 m . R e n e w a b l e  e n e r g y  a n d  l abor  
u s e d :  2 . 1 9  E20  S E J / y  ( T a b l e  7 . 7 ) .  T r e e s  p r o d u c e  f o r  2 5  
y e a r s  ( E n c y .  B r i t  1 9 7 3 )  
( a n n u a l  e n e r g y  u s e d )  ( a v e r a g e  t r e e  age) 
( 2 . 1 9  E20  S E J / ~ )  ( 1 2 . 5  y )  = 0 . 0 0 0 0 2 7  E26  S E J / y  
3 ,  R a i n f o r e s t  wood ,  m a r k e t a b l e  q u a l i t y  
8 . 9 5  E6 acres v i r g i n  f o r e s t ,  4 . 8 5  E6 acres s e c o n d a r y  f o r e s t  
(M in .  I n f o .  1 9 7 9 ) .  5 0 , 0 0 0  g/m2 v i r g i n ;  1 0 , 0 0 0  g/m2 s e c o n d -  
a r y .  4 . 2  k c a l / g  v i r g i n ;  3 . 5  k c a l / g  s e c o n d a r y .  
F o o t n o t e s  t o  T a b l e  7 . 2  c o n t i n u e d .  
V i r g i n  f o r e s t :  
2  (a rea )  ( w o o d  g/m ) ( k c a l / g )  ( J / k c a l )  
2  2  ( 8 . 9 5  E6 acres)  ( 4 0 4 7  m  /acre)  ( 5 0 , 0 0 0  g/m ) ( 4 . 2  k c a l / g )  
S e c o n d a r y  fo re s t :  
2  2  ( 4 . 8 5  E6 acres )  ( 4 0 4 7  m  /acre) ( 1 0 , 0 0 0  g/m ) ( 3 . 5  k c a l / g )  
T o t a l :  
4 1 %  of t h e  c u t  w o o d  i s  exported.  
4 .  R a i n f o r e s t  w o o d ,  l o c a l  u s e  
4 1 %  of t h e  w o o d  i s  exported.  T o t a l :  3 4 . 7  E l 8  J 
( . 5 9 )  ( 3 4 . 7  E 2 1  J )  = 2 . 0 5  E l 9  
5 .  I r o n  d e p o s i t s ,  c h e m i c a l  p o t e n t i a l  
E s t i m a t e d  reserves: 1 1 3 8 . 3  E6  t o n s  ( C o l l i e r  E n c y .  1 9 8 2 ) .  
1 4 . 2  J /g  ( G i l l i l a n d  1 9 8 3 )  . 
6 .  B e d r o c k  ( g r a n i t e )  c h e m i c a l  p o t e n t i a l  
(a rea )  ( d e p t h )  ( g r a n i t e  d e n s i t y )  J / g )  
3 3 3 ( 1 1 . 1 4  E l 0  m2)  ( 1 0  m) ( 1  E6  cm /m ) ( 2 . 6 1  g / c m  ) ( 5 0  J / g )  
7 .  M o u n t a i n  r o c k ,  g e o p o t e n t i a l  
1 0  m  c r u s t  of l a n d  bare r o c k .  
(av.  h t .  ) (a rea )  ( g r a n i t e  d e n s i t y )  ( g r a v i t y )  ( h t .  c e n t e r  of  
g r a v i t y  of m a s s )  
2  3 3 ( IOm)  ( 1 1 . 1 4  E l 0  m  ) ( 1  E6 cn /m ) ( 2 . 6  g/cm3) ( 1  E-3 k g / g )  
2  ( 9 . 8  m / s  ) ( 2 4 5 )  = 7 . 0 9  E l 8  J 
Renewable 
resources C 1
Q,, minerals 3 
. . . .... Imported 
resources 
Exports [product 
energy and services) 
~ n e r g ~  Used R + No + N 1  + F + G + P2 I 
P1 = - 
GNP X 
Imported 




Figure 7.3. Summary diagram of the embodied energy flows 
of Liberia. Evaluations are given in Table 
7.3. Indices from these values are calculated 
in Table 7.4. 
T a b l e  7 . 3 .  S u m m a r y  f l o w s  f o r  ~ i b e r i a  i n  F i g u r e  7 . 6 .  
Embodied 
L e t t e r  i n  s o l a r e n e r g y  Do l l a r s  
F igu re  7.6 I t e m  E20 SEJ/y E6 S/Y 
R Renewable sources  used,  SEJ/yr 427.3 - ( r a i n ,  chem) 
Nonrenewable sources  f low wi th in  t h e  
count ry  (SEJ/yr) : 
N Dispersed r u r a l  source ( s E J / ~ ~ )  - 
0 
M . concent ra ted  u se  ( s ~ J / y r )  - - 1 
N Exported wi thout  u se  ( i r o n )  2 93.9 
Imported mine ra l s  and f u e l s  (SEJ/yr) 10 .3  
Imported goods ( s E ~ / y r )  15.5 - 
Imported s e r v i c e  (SEJ/yr) 12.3 - 
Dol l a r s  p a i d  f o r  imports  (S/yr)  - 532. 
Do l l a r s  p a i d  f o r  expor t s  (S/yr)  - 447. 
~ x p o r t e d  s e r v i c e s  (SEJ/yr) 154.2 - 
Exported p roduc t s ,  t ransformed 
wi th in  t h e  count ry  (SEJ/yr) ( rubber ,  3 .1  
wood) 
X Gross Nat iona l  product  ($ /y r )  - 1349 
Rat io  embodied energy t o  d o l l a r  of 
imports  (SEJ/$) (US) 2 .60  ~ 1 2  SEJ/$ 
Ra t io  embodied energy t o  d o l l a r  of 
country and f o r  i t s  expor t s  (sEJ/$) 3.45 El3 SEJ/$ 
F o o t n o t e s  t o  T a b l e  7 . 3 .  
R C h e m i c a l  p o t e n t i a l  e n e r g y  of r a i n  i s  t h e  l a r g e s t  r e n e w a b l e  
source ( T a b l e  7 . 1 ) :  4 2 7 . 3  E 2 0  S E J / y .  
N 2  I r o n  ( T a b l e  7 . 1 ) :  9 3 . 9  E 2 0  S E J / y .  
F F u e l s  i m p o r t e d :  ( 1 9 . 9  E l 5  J ) ( 5 . 1 7  E 4  S E J / J  = ~ O . ~ E ~ O S E J / Y .  
G G o o d s  i m p o r t e d :  r i c e ,  m a c h i n e r y ,  c o n s u m e r  goods ( T a b l e  
7 . 1 ) :  1 5 . 5  E 2 0  S E J / y .  
Footnotes  t o  Table 7.3 cont inued.  
P 2 1  Labor, s e r v i c e :  (532 E6 $US) (2.31 El2 SEJ/$) = 
= 12.3 E20 SEJ/y 
Since t h e  double-counting of s e r v i c e s  (P21) i n  f u e l s  ( F )  
and goods ( G I  i s  smal l  i n  L i b e r i a ,  no c o r r e c t i o n  was made. 
I Dol l a r s  pa id  f o r  imports:  532 E6 $US 
E Dol l a r s  rece ived  f o r  expor t s :  4 4 7  E 6  $US 
PIE Exported s e r v i c e :  (3.45 El3 ~ ~ ~ / $ ) ( 4 4 7  ~6 $ )  = 
= 154.2 E20 SEJ/y, 
B Exported produc ts  transformed w i t h i n  t h e  count ry :  (Table 
7 . 1 ) .  Rubber: 2 . 2 2  E 2 0  SEJ/y; wood: 0.86 E 2 0  SEJ/y; 
2 . 2 2  E 2 0  + 0.86 E 2 0  = 31 E 2 0  SEJ/y. 
X Gross n a t i o n a l  product  (Min, In fo .  1979b):  
(GDP) + ( expor t  $ , E l  + ( a i d )  + ( inves tment )  + (merchant 
f l e e t )  
P 2  US energy/$ r a t i o  (Appendix A 4 ) :  2.60 El2 SEJ/$ 
R + N o + N 1 + F + G + P 2 1  
1 
- Energy/dol lar  r a t i o ,  P1  - X 
The r a t i o  of 3.45 El3  SEJ/$1 i s  more t h a n  1 0  t i m e s  t h a t  of 
t h e  U.S. (2.60 El2  SEJ /$ ) .  For  e v e r y  d o l l a r  an  i m p o r t e r  p a i d  
L i b e r i a ,  he  g o t  10 t i m e s  t h e  embodied energy  which t h a t  d o l l a r  
would buy i n  t h e  U.S, 
Energy E v a l u a t i o n  of  t h e  Balance of  Trade 
The embodied energy  i n  i n t e r n a t i o n a l  exchange i s  g i v e n  i n  
F i g u r e  7.4.  The s e r v i c e  energy f lows  f o r  t h e  e x p o r t s  were c a l c u -  
l a t e d  u s i n g  t h e  e n e r g y - d o l l a r  r a t i o  of  L i b e r i a ,  and t h e  s e r v i c e  
f o r  t h e  i m p o r t s  was c a l c u l a t e d  from t h e  e n e r g y - d o l l a r  r a t i o  o f  t h e  
U.S. a s  t h e  a v e r a g e  f o r  t h e  n a t i o n s  from which L i b e r i a  impor ted .  
Any payment of  d o l l a r s  t o  L i b e r i a  was c a l c u l a t e d  w i t h  t h e  L i b e r i a n  
r a t i o :  i m p o r t s  w e r e  c a l c u l a t e d  w i t h  t h e  U.S. r a t i o .  
The money b a l a n c e  of  payments shows t h a t  L i b e r i a  p a i d  
o u t  a  s m a l l  amount more money t h a n  it t o o k  i n .  But ,  t h e  embodied 
energy  t r a d e  r a t i o  shows a  tremendous n e t  d r a i n  of e n e r g y .  The 
c o u n t r y ' s  g r e a t e r  embodied energy  i n  e x p o r t s  t h a n  i m p o r t s  i n d i -  
c a t e d  i t s  g roup ing  among t h e  colony- type  c o u n t r i e s  which e x p o r t  
more embodied energy  t h a n  t h e y  impor t .  
N a t i o n a l  Overview X a t i o s  
Var ious  r a t i o s ,  c a l c u l a t e d  from d a t a  i n  F i g u r e  7.3 and 
T a b l e  7.3 a r e  g i v e n  i n  T a b l e  7 .4 .  These i n c l u d e  r a t i o s  of  o u t -  
s i d e  t o  i n s i d e  e n e r g i e s ,  e x p o r t s  t o  i m p o r t s ,  f u e l  u s e  t o  e n v i -  
ronmenta l  e n e r g i e s ,  ene rgy  p e r  p e r s o n ,  and c a r r y i n g  c a p a c i t y .  
These r a t i o s  can  be  used f o r  p r e d i c t i o n s  and compar isons  w i t h  
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Figure 7.4. Flows in international trade. 
(a) Energy flows; (b) Dollar flows. 
(+\ Rubber, wood 2.2 0.86 Iron 251.2 J 93.9 
Table  7 . 4 .  I n d i c e s  u s i n g  embodied e n e r g y  f o r  overview of  
L i b e r i a .  
- - 
Item Name of index and express ion ,  s ee  F igure  6.6. 
Renewable embodied energy 
f low 
Flow from indigenous non- 
renewable r e s e r v e s  
Flow of imported embodied 
energy 
T o t a l  embodied energy 
inf lows  
T o t a l  embodied energy used ,  
U 
T o t a l  exported embodied 
energy 
F r a c t i o n  of embodied energy 
used de r ived  from home 
sou rces  
Exports  minus impor t s  
Ra t io  of expor t s  t o  imports  
F r a c t i o n  used,  l o c a l l y  re- 
newable 
~ r a c t i o n  of use  purchased 
F rac t ion  used t h a t  is im- 
por t ed  s e r v i c e  
~ r a c t i o n  of use  t h a t  i s  
f r e e  
Rat io  of concent ra ted  t o  
r u r a l  
U s e  p e r  u n i t  a r e a  
(11.14 E l 0  m2)  4.18 E l l  S E J / ~ ~ / ~  U/ ( a r e a )  
Use p e r  c a p i t a  
(1 .8  E6 popula t ion)  U/ (popula t ion)  
Renewable c a r r y i n g  c a p a c i t y  
a t  p r e s e n t  l i v i n g  s t anda rd  
1.65 E6 people 
13.2 E6 people  
( R / U )  (popula t ion)  
Developed ca r ry ing  c a p a c i t y  
a t  same l i v i n g  s tandard  8 (R/U)  (popula t ion)  
Rat io  of u se  t o  GNP 
(energy-dol la r  r a t i o )  
T o t a l  u s e  of  nonrenewable r e s o u r c e s ,  N ,  i s  made up o f  t h a t  which 
i s  r u r a l l y  d i s p e r s e d  and u s e d ,  N o ;  t h a t  used  i n t e n s i v e l y ,  N , ;  
and raw p r o d u c t  e x p o r t e d  w i t h o u t  much t r a n s f o r m a t i o n ,  N 2 .  
Whereas goods e x p o r t , B  and s e r v i c e  e x p o r t ,  PIE c a r r y  embodied 
e n e r g y  t h a t  may be d e r i v e d  from i m p o r t s ,  t h e y  r e p r e s e n t  t r a n s -  
f o r m a t i o n s  and a r e  t h e  p r o d u c t s  o f  u s e .  
Subsystems 
Three  subsys tems  were a n a l y s e d ,  i r o n  and  r u b b e r  a s  t h e  
most i m p o r t a n t  e x p o r t s ,  and r a i n  f o r e s t  wood e x p o r t  a s  t h e  most 
i m p o r t a n t  n a t u r a l  sys t em.  
I r o n  
I r o n  which was c o n c e n t r a t e d  by t h e  g e o l o g i c a l  p r o c e s s e s  
m i l l i o n s  o f  y e a r  ago  i s  a  v e r y  h i g h  q u a l i t y  r e s o u r c e .  L i b e r i a  
i n  1977 was t h e  e l e v e n t h  l a r g e s t  p r o d u c e r  o f  i r o n  i n  t h e  wor ld  
( U . N .  1 9 8 1 ) .  L i b e r i a ' s  i r o n  s h o u l d  become more i m p o r t a n t  a s  
s u p p l i e s  d e c r e a s e  i n  o t h e r  c o u n t r i e s  and i t s  mining  becomes more 
e f f i c i e n t ,  Even though  t h e  c a l c u l a t i o n  o f  i t s  r e s e r v e s  ( T a b l e  
7 . 2 )  was n o t  b a s e d  on t h e  n e t  e n e r g y  of  t h e  e s t i m a t e d  r e s e r v e s ,  
it may be  t h a t  L i b e r i a  w i l l  have i r o n  a v a i l a b l e  t o  e x p o r t  a t  t h e  
1977 r a t e  f o r  100 y e a r s ,  i f  t h e r e  i s  f u e l  t o  t r a n s p o r t  it. 
A s  shown i n  T a b l e  7 . 5 ,  t h e  e x p o r t  o f  i r o n  w i t h  i t s  embodied 
e n e r g y  may be  compared w i t h  t h e  money r e c e i v e d  f o r  t h i s  i r o n .  
When b o t h  a r e p u t  i n  u n i t s  of  e q u i v a l e n t  e n e r g y ,  SEJ/y, t h e  y i e l d  
t o  t h e  o u t s i d e  p u r c h a s e r  i s  found t o  be  93.9 E20 SEJ t o  
1 1 , 1 8  E20 SEJ r e c e i v e d  by L i b e r i a .  I n  o t h e r  words ,  t h e  e x p o r t  
o f  i r o n  s t i m u l a t e d  t h e  o u t s i d e  economy a b o u t  n i n e  t i m e s  more 
t h a n  L i b e r i a  s.  
Diamonds, g o l d  and  o t h e r  m i n e r a l s  may be mined i n  t h e  
f u t u r e .  
T a b l e  7 .5 .  
A c t u a l  
Foot-  U n i t s  Energy ETR 
n o t e  I t e m  P e r  Y J /Y SEJ/J 
1 I r o n  
e x p o r t  11,O E6 T  1.56 E l4  6 .0  E7 93.9 
2  T r a n s p o r t  
f u e l  296 E12 5 . 3  E4 0.42 
3  Payments 
r e c e i v e d  $ 484.1 E6 2.31 E l 2  SEJ/$ 11.18 
F o o t n o t e s  t o  T a b l e  7 . 5 .  
1 .  T a b l e  7 .1 .  
2. D i s t a n c e  s h i p p e d :  a v .  75 km. 0.96 MJ/T/km ( F l u c k  and 
B a i r d  1 9 8 0 ) .  (11 .0  E6 T) (0 .96  E6 ~ / ~ / k m )  (75  km) = 396 El2 J.  
3. D o l l a r s  484.1 E6/y (Min. I n f o .  1 9 7 9 a ) .  
Rubber 
Rubber was t h e  l a r g e s t  c a s h  c r o p  produced i n  L i b e r i a .  About 
h a l f  was produced on s m a l l  fa rms w i t h  L i b e r i a n  owners and h a l f  
by l a r g e  U.S. companies .  A s m a l l  amount was p r o c e s s e d  w i t h i n  
t h e  c o u n t r y .  The w o r k e r s  who t e n d e d  t h e  t rees  l i v e d  r e l a t i v e l y  
s t e a d y  l i v e s  i n  s m a l l  v i l l a g e s  n e a r  s t r e a m s  f o r  washing and p l o t s  
f o r  growing food .  An e n e r g y  d iagram of a  r u b b e r  p l a n t a t i o n  i s  
g i v e n  i n  F i g u r e  7 . 5 .  
I t  shows t h e  n e t  e n e r g y  y i e l d  r a t i o  of  1 .6 /1 ,  a  s m a l l  b u t  
p o s i t i v e  n e t  e n e r g y .  The i n v e s t m e n t  r a t i o  o f  1 .7/1 was less  
t h a n  t h e  8/1 of  t h e  U.S. b u t  a b o u t  e q u a l  t o  t h e  wor ld  a v e r a g e  
r a t i o  of  1.6/1 ( S e c t i o n  5 ) .  The embodied e n e r g y  t r a d e  r a t i o  
showed a  l o s s  f o r  t h e  c o u n t r y  of  embodied e n e r g y  compared t o  
what t h e  income would buy,  b u t  t h e  r a t i o  was n o t  s o  bad a s  f o r  
t h e  i r o n  min ing .  
Energy: €20  SEJlrubber arealy 
-E $ E6larealy 
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F i g u r e  7 . 5 .  Energy f lows  i n  n a t u r a l  r u b b e r  
p r o d u c t i o n .  
( a )  Embodied e n e r g i e s  and d o l l a r s  












The e n e r g y  t r a n s f o r m a t i o n  r a t i o  f o r  r u b b e r  p r o d u c t i o n  of  
20.6 E4 SEJ/J  ( T a b l e  7 . 6 )  was more t h a n  t h a t  f o r  r a i n f o r e s t  wood 
c l e a r - c u t  (3 .49  E4 SEJ / J )  b u t  less  t h a n  f o r  r a i n f o r e s t  wood 
s e l e c t i v e l y  logged  (30 .0  E4 SEJ/J)  ( T a b l e  3.1 ) . 
AS f u e l s  become more s c a r c e  i n  t h e  w o r l d ,  t h e  n e t  e n e r g y  
y i e l d  r a t i o  w i l l  go down, and r u b b e r  may n o t  be wor th  growing.  
However, a s  t h e r e  becomes less  f o s s i l  f u e l  t o  manufac tu re  syn- 
t h e t i c  r u b b e r ,  it may be wor thwhi l e  t o  t h e  i n d u s t r i a l  c o u n t r i e s  
t o  buy n a t u r a l  r u b b e r ,  even  i f  it i s  no l o n g e r  a  n e t  e n e r g y ,  
Another  f a c t o r  i s  t h e  . t r e n d  toward  more l o c a l  p r o d u c t i o n ,  
T h i s  may d e c r e a s e  t h e  f u e l  i n p u t s ,  r a i s i n g  t h e  y i e l d  r a t i o .  
More l o c a l  p r o d u c t i o n  would a l s o  mean more s t i m u l u s  t o  t h e  l o c a l  
economy. 
Rain F o r e s t  
L i b e r i a ' s  9  m i l l i o n  a c r e s  o f  r a i n  f o r e s t  w e r e  f a s t  b e i n g  
d e p l e t e d  ( F i g u r e  7 . 6 ) .  S u b s i s t e n c e  s h i f t i n g  a g r i c u l t u r e  can  
r o t a t e  t h e  l a n d  u s e  i n  a  s t e a d y  s t a t e  sys t em.  B u t ,  much more 
was b e i n g  c u t  commerc ia l ly  t h a n  was b e i n g  r e f o r e s t e d .  I f  t h e  
f i g u r e s  a r e  r i g h t  and  t h e  t r e n d s  c o n t i n u e ,  a l l  t h e  r a i n  f o r e s t  
w i l l  be gone by t h e  y e a r  201 0. 
The f o r e s t  c o n s i s t s  o f  v e r y  h i g h  q u a l i t y  t rees:  t e a k ,  
mahogany, w a l n u t ,  i ronwood,  makore,  and s i k o n  ( c l a s s i f i e d  i n  1957 
and c a l l e d  T e t r a b e r Z i n i a  tubmaniana ,  a f t e r  t h e  fo rmer  p r e s i d e n t ) .  
About 40% of  t h e  c u t  t i m b e r  was e x p o r t e d ,  a t  a  n e t  e n e r g y  r a t i o  
o f  547/1 ( T a b l e  7.7 ) .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  h i g h  n e t  e n e r g y  
o f  t h e  h a r v e s t  of  New Zealand podocarp  t r ees  (Odum and Odum 1 9 7 9 ) .  
The embodied e n e r g y  t r a d e  r a t i o  was v e r y  low,  a n o t h e r  example o f  
t h e  g r e a t  l o s s  f rom L i b e r i a  o f  i t s  embodied ene rgy .  
T a b l e  7 . 6 .  L i b e r i a n  rubber p l a n t a t i o n  s u b s y s t e m  ( f o r  F i g u r e  7 . 5 ) .  
E n e r g y  Embodied 
t r a n s f o r m a t i o n  solar e n e r g y  
F o o t -  A c t u a l  r a t i o  (ETR) E20 SEJ /  
n o t e  K i n d  o f  e n e r g y  e n e r g y  SE J/ J rubber a r e a / y  
1 Renewable  i n f l o w ,  I 5 . 3 1  E l 5  1 5 , 4 4 4  0 . 8 2  
2  R u b b e r  y i e l d ,  Y 1 0 . 7 9  E l 4  2 .06  E5 2 .22  
3  L a b o r ,  services - - 1 . 5 4  
4  T r a n s p o r t  1 9 . 0  E l 2  CEJ 1 . 7  E5 f u e l  . 0 3  2  
5  T o t a l  f e e d b a c k ,  F  - - 1 . 5 7  
6 .  E n e r g y  t r a n s f o r m a t i o n  r a t i o  o f  c o l l e c t e d  rubber 2 . 2 2  E5 SEJ/J  
F o o t n o t e s  t o  T a b l e  7 . 6 .  
1  . R e n e w a b l e  e n e r g y  i n f l o w ,  I 
R a i n :  4 . 4  m/y; r u n o f f :  3  m/y; 4 . 4  - 3  = 1 . 4  n / y  u s e d .  
3  ( 1 . 4  m / y ) ( 4 . 9 4  J / g ) ( 1  E6 g / m )  = 6 . 9  E6 ~ / m ~ / ~  
2  2  ( 6 . 9  E6 J /m ) ( 7 . 7  E 8  m  ) = 5 . 3 1  E l 5  J / a r e a / y  
2 .  R u b b e r  p r o d u c e d  
P r o d u c t i o n :  1 7 0  - 4  E6 l b s ;  expor t  r e v e n u e :  5 9 . 1  E6 $US; 
2 9 4 , 4 0 0  acres,  6 5 %  c u l t i v a t e d  ( M i n .  I n f o  1 9 7 9 b ) .  3 . 3 4 9  k c a l / g  
2  2  ( 2 9 4  E 3  a c r e s ) ( . 6 5 ) ( 4 0 4 7  m  /acre) = 7 . 7  E 8  m  area 
( 1 7 0 . 4  E6 l b s )  ( 4 5 3 . 6  g / lb )  = 7 . 7  E l 0  g / y  
( 7 . 7  E l 0  g / y )  ( 3 . 3 4 9  k c a l / g )  ( 4 1 8 6  J / k c a l )  = 1 0 . 7 9  E l 4  J / y  y i e l d  
3 .  E x p o r t  services of n o n r e n e w a b l e  f e e d b a c k  
$ expor t :  5 9 . 1  E6 $US, 1 9 7 7  ( M i n .  I n f o .  1 9 7 9 a ) ;  e n e r g y / $  r a t i o :  
2 . 6 0  E l 2  SEJ /$US 
F o o t n o t e s  t o  T a b l e  7 . 6  c o n t i n u e d .  
4 .  T r a n s p o r t a t i o n  p a r t  of n o n r e n e w a b l e  f e e d b a c k  
A v e r a g e  w i d t h  of c o u n t r y  = 1 2 5  km f r o m  p l a n t a t i o n  b y  t r u c k .  
1 7 0 . 4  E6 l b s  r u b b e r .  T r a n s p o r t :  1 . 7 8  E6 J /T/km ( F l u c k  a n d  
B a i r d  1 9 8 0 )  
( 1 . 7 9  E6 J )  ( 1 7 9 . 4  E6 l b s )  ( 1 / 2 0 0 0  T / l b )  ( 1 2 5  km) = 1 9 . 0  E l 2  ~ / y  
5 .  F e e d b a c k  
L a b o r  + t r a n s p o r t :  F  = 1 . 5 4  E20  + . 0 3 2  E20  = 1 . 5 7  E20 S E J / ~  
6 .  E n e r g y  t r a n s f o r m a t i o n  r a t i o  
ETR = ( I  + F ) y ;  F  = labor  service a n d  t r a n s p o r t  
[ ( n a t u r a l  i n f l o w )  + ( l a b o r )  + ( t r a n s p o r t ) ] / ( r u b b e r  y i e l d )  
( 1 0 . 6 6  E l 0  ~ ~ ~ / d / ~ ) ( 7 . 7  E8  m2) + ( 5 9 . 1  E6 $ / y )  ( 2 . 6 0  ~ 1 2  SEJ/$) 
+ ( 1 9 . 0  E l 2  J / y )  ( 1 . 7  E 5  S E J / y )  = 2 . 3 9  E20 SEJ/y 
2 . 3 9  E20  S E J / 1 0 . 7 9  E l 4  J = 2 . 2 2  E5  S E J / J  
Y/F = 102.7 
F/I = 0.0098 
ETR = 30.8 €4 SEJ/J 
F - 
F i g u r e  7 . 6 .  Energy f lows  i n  r a i n  f o r e s t  wood 
p r o d u c t i o n .  
( a )  Embodied e n e r g i e s  and d o l l a r s  















production 1076 ' 
T a b l e  7 . 7 .  L i b e r i a n  r a i n  fores t  w o o d  produc t i on  s u b s y s t e m  ( f o r  
F i g u r e  7 . 6 )  . 
Energy Embodied 
Actual transformation solar  energy 
Foot- energy r a t i o  (Em) El0 
note Kindof  energy J/m2/y SEJ/ J SEJ/m /y 
1 Rain, I 6.9 E8 15,444 1066 -0  
2 Wood y ie ld ,  Y 3.5 E7 30.7 E4 1076 .O 
3 Export, services  - - 5 -9  
4 Feedback, trans- 2.4 E3 1.7 E5 
por t ,  fue l  ( fue l  Em) 
5 Feedback, cu t t ing  2.85 E5 1.7 E5 4.85 
( fue l  Em) 
6 Selected ra in fores t  timbers shipped: 30.8 E4 
F o o t n o t e s  t o  T a b l e  7 . 7  . 
1 .  R e n e w a b l e  i n f l o w ,  r a i n  e m b o d i e d  i n  t h e  w o o d  
R a i n :  4 . 4  m/y;  r u n o f f :  3m/y (Min. I n f o  1 9 7 9 a )  ; 1 0 0  years t o  
g r o w  r a in fo re s t  trees.  
4 . 4  m  - 3  m  = 1 . 4  m/y used.  
3 3 ( 1 . 4  m  ) ( 4 . 9 4  ~ / ~ ) ' ( l  E 6  g/m ) ( 1 0 0  y )  = 6 . 9  E 8  ~ / m ~ / ~  
2 .  Y i e l d  of r a i n f o r e s t  w o o d  p r o d u c t i o n  
T o t a l  r a in fo re s t :  1 2  E 6  acres; 4 %  c u t / y  (blin.1nfo. 1 9 7 9 a ) .  
Y i e l d :  s a w n w o o d  2 3 3  E 3  m3; r o u n d w o o d  4 . 6  E 6  m 3 ,  1 9 7 7  (U.N. 
1 9 8 1 ) .  D e n s i t y  of r a i n f o r e s t  w o o d :  0 . 8  g/cm3. 
2  2  A r e a  c u t :  ( 1 2  E 6  acres) ( 4 0 4 7  m  /acre) ( . 0 4 )  = 1 . 9  E 9  m  /y 
3 3 3 3 Y i e l d :  ( 4 . 8  E 6  m  / y )  ( 0 . 8  g / c m  ) ( 1  E 6  c m  /m ) = 3 . 8 4  E l 2  g/y 
Footnotes t o  Table 7.7 cont inued.  
3. Export s e r v i c e s  
U S  ene rgy /do l l a r  r a t i o :  2.31 El2 SEJ/$US (Table  A 4 ) .  
Export $:  46  E6 $US (Min. In fo .  1979a) 
4 .  Transpor t a t i on  f u e l  
4 6 %  expor ted  (Min.Info. 1979a) . Transpor t  energy c o s t s :  
1.78 E6 J/T/km (Fluck and Baird  1980) .  Estimated d i s t a n c e s  
t o  Monrovia: 1/3 - 1 0 0  km, 1/3 - 150 km, 1/3 - 184 km. 
(3.86 ElOg) ( 1  E-6 T/g) ( . 4 6 )  = 1.78 E 4  t o n s  expor ted .  
(1/3) (1.78 E 4  T )  (1.78 E6 J/T/kn) (100 km + 150 km + 184 km) 
5. Cu t t i ng  e n e r g i e s  
3  Fo res t  c u t t i n g ,  l o g  i n g :  52 E6 J / m  : debarking:  28 E6 ~ / m ~ ;  
loading:  33 E6 J / m l  (N.Z. Min. Fo res t ry  1979) 
6 .  Energy t r ans fo rma t ion  r a t i o  
( I  + F ) / a c t u a l  J of wood; F = feedback s e r v i c e  and t r a n s -  
p o r t  and c u t t i n g  i n  S E J / ~ ~ / ~  
Discuss ion  
Economic growth 
The r a t i o  o f  o u t s i d e  energy f low t o  i n s i d e  f low ( .082,  
Table  7.4)  i s  lower t h a n  i n  most c o u n t r i e s  and s u g g e s t s  t h a t  much 
more f o r e i g n  inves tment  can be a t t r a c t e d  t o  L i b e r i a .  The re fo r e ,  
t h e  economic energy p r e d i c t i o n  would be  f o r  more growth. 
More s t i m u l u s  t o  t h e  economy may r e s u l t  i f  more of  i t s  own 
embodied energy i s  used a t  home. A f t e r  a c h i e v i n g  a ba l a nc e  o f  
c u t t i n g  and growth i n  t h e  r a i n  f o r e s t ,  more u s e  o f  wood w i t h i n  
L i b e r i a  i s  p o s s i b l e  f o r  i t s  own development o f  hous ing ,  f u r n i -  
t u r e ,  and c r a f t s .  The c r a f t s  c ou ld  be s o l d  t o  t o u r i s t s  and ex- 
po r t ed .  ( A s  t o u r i s t s ,  w e  c ou ld  n o t  f i n d  any c r a f t s  t o  buy.) 
Another s u g g e s t i o n  would be  t o  t r a i n  l o c a l  workers  and 
e x e c u t i v e s  a t  a l l  l e v e l s ,  s o t h e e m b o d i e d  energy  o f  t h e i r  s a l a r i e s  
would f e e d  i n t o  t h e  L i b e r i a  economy. 
Rubber  
The t r e n d  toward more l o c a l  p roduc t i on  o f  r ubbe r  may con- 
t i n u e  a s  i n d u s t r i a l  rubber  from f u e l s  becomes r e l a t i v e l y  more 
expens ive .  Perhaps  more o f  t h e  rubber  c ou ld  be  r e f i n e d  and 
manufactured l o c a l l y .  A p l a n t  cou ld  be  se t  up t o  make t i r e s ,  
which co u ld  t h e n  b e  ex p o r t e d .  I n  t h i s  way embodied energy gen- 
e r a t e s  jobs  w i t h i n  t h e  coun t ry .  
H y d o e Z e c t r i c  Power 
Three hundred m i l l i o n  kWh (1.08 El5 j o u l e s )  w e r e  produced 
i n  1977 ( U . N .  1981) ;  t h i s  was 1/3 o f  t h e  t o t a l  e l e c t r i c i t y  
produced (Tab le  7 . 1 ) .  There i s  g r e a t  p o t e n t i a l  f o r  
much more s i n c e  t h e  c o u n t r y  h a s  m o u n t a i n s , ' r i v e r s ,  and a  
s t e a d y  l a r g e  r a i n f a l l .  The p o t e n t i a l  i n  r i v e r s  i s  40.7 E20 
SEJ/Y (Table  7 . 1 ,  Foo tno te  8 ) .  T h i s  i s  7.13 E9 kWh p e r  y e a r ,  
23 t i m e s  t h e  p r e s e n t  p r o d u c t i o n .  
H y d r o e l e c t r i c  power p l a n t s ,  b u i l t  w h i l e  f u e l  f o r  b u l l d o z e r s  
i s  s t i l l  f a i r l y  cheap,  may supp ly  e l e c t r i c  demand a s  it deve lops .  
The e l e c t r i c i t y  w i l l  i n c r e a s e  t h e  s t a n d a r d  o f  l i v i n g  th roughou t  
t h e  c o u n t r y .  And, s i n c e  it i s  a  renewable  energy  s o u r c e ,  it may 
t a k e  t h e  p l a c e  o f  o i l  a s  i t s  a v a i l a b i l i t y  d e c r e a s e s .  Perhaps  t h e  
energy  o f  h y d r o e l e c t r i c  power can be  a d a p t e d  t o  p r o c e s s  i r o n .  
Rain F o r e s t  
The c u t t i n g  o f  t h e  r a i n  f o r e s t  b o t h  by s lash-and-burn  f a r -  
m e r s  and t h e  commercial i n t e r e s t s  i s  c a u s i n g  d e s t r u c t i o n  o f  t h i s  
v a l u a b l e  p o t e n t i a l l y - r e n e w a b l e  r e s o u r c e .  Between 1971 and 1977 
o n l y  5.0 E7 m2 (12,300 a c r e s )  (Min. I n f o .  1979a) have been re- 
f o r e s t e d  by p l a n t i n g ,  o n l y  about  . 4 %  o f  t h e  a r e a  logged .  
A p l a n  i s  needed f o r  growing a s  much wood and s o i l  a s  t h a t  
used ,  p o s s i b l y  th rough  l a n d  r o t a t i o n  p l a n n i n g .  Much of  t h e  l a n d  
was owned by t h e  f e d e r a l  government,  and a l l  of  it was under  t h e  
c o n t r o l  o f  t h e  F o r e s t r y  Development A u t h o r i t y .  S i n c e  t h e  log-  
y i n g  was done i n  c o n c e s s i o n s ,  a  government f o r e s t r y  p o l i c y  might  
be  e n f o r c e d .  
E n e r g y  D e n s i t y  
The embodied energy  use  p e r  m2 i s  4.18 E l l  SEJ/y. T h i s  i s  
2 
ve ry  c l o s e  t o  t h a t  of  t h e  U.S. (5 .2  E l l  SEJ/m / y ) .  The Uni ted  
S t a t e s  used  much more f u e l ,  b u t  L i b e r i a  h a s  more renewable  
energy i n  i t s  r a i n ,  s u n ,  r i v e r s ,  and mounta ins .  
E n e r g y  P e r  P e r s o n  
Fue l  use  p e r  p e r s o n  i n  L i b e r i a  ( 5 . 7  El4  SEJ/y) i s  o n l y  
abou t  4 %  o f  t h a t  i n  t h e  U.S. (153 El4 S ~ ~ / p e r s o n / y ) .  However, 
a  b e t t e r  measure o f  t h e  s t a n d a r d  o f  l i v i n g  i s  t o t a l  embodied 
energy  p e r  p e r s o n .  I n  L i b e r i a  t h i s  i s  2.6 El6 SEJ p e r  p e r s o n  
p e r  y e a r ,  a lmos t  t h e  same a s  t h e  2.0 El6 S ~ J / p e r s o n / y  o f  t h e  
U.S. Even though L i b e r i a  does  n o t  have t h e  i n d u s t r y  and com- 
merce o f t e n  c o n s i d e r e d  e v i d e n c e  of  a  h i g h  s t a n d a r d  of  l i v i n g ,  
t h e  renewable energy  p e r  p e r s o n  i s  v e r y  h i g h .  Except  f o r  t h e  
p o p u l a t i o n  crowded i n  c i t i e s ,  t h e  p e o p l e  used  renewable  ener -  
g i e s  l i k e  t h o s e  o f  t h e  s u n ,  wood, w a t e r ,  and homegrown food 
which d i d  n o t  a p p e a r  i n  t h e  money economy. The average  income 
o f  abou t  $400 p e r  p e r s o n  i n  1977 ( U . N .  1981) o n l y  r e p r e s e n t e d  
a b o u t  5% o f  t h e  t o t a l  ene rgy  p e r  p e r s o n .  
The p o p u l a t i o n  i n c r e a s e  o f  3.4% p e r  y e a r  ( U . N .  1981) w i l l  
c ause  t h e  energy  p e r  p e r s o n  t o  d e c r e a s e  i f  t h e r e  i s  no i n c r e a s e  
i n  t h e  c o u n t r y ' s  t o t a l  ene rgy .  
C a r r y i n g  C a p a c i t y  
The 1977 p o p u l a t i o n  was 1 .8  m i l l i o n  p e o p l e .  I f  t h e  coun- 
t r y  e x i s t e d  on o n l y  i t s  renewable e n e r g i e s ,  i ts '  c a r r y i n g  c a p a c i t y  
a t  t h e  1977 s t a n d a r d  of  l i v i n g  would b e  o n l y  1.7 m i l l i o n  p e o p l e .  
I f  t h e  co u n t r y  a t t r a c t e d  a s  much economic development a s  
c o u n t r i e s  l i k e  t h e  Uni ted  S t a t e s ,  abou t  e i g h t  t i m e s  more energy 
would flow i n  t h e  co u n t r y .  Then t h e  c a r r y i n g  c a p a c i t y  cou ld  be 
e i g h t  t i m e s  g r e a t e r ,  about  1 3 . 2  m i l l i o n  peop le ,  a t  t h e  same 
s t a n d a r d  o f  l i v i n g ,  o r  t h e  same number o f  peop le  a t  an e i g h t  
t i m e s  g r e a t e r  energy  p e r  pe r son .  
I f  t h e  co u n t r y  co u l d  p r o c e s s  more o f  i t s  renewable e n e r g i e s  
a t  home and t h en  charge  a  h i g h e r  p r i c e  f o r  them, t h e y  would have 
more money t o  buy more f u e l s .  T h i s  would a l s o  i n c r e a s e  t h e  c a r -  
r y i n g  c a p a c i t y .  
Education 
None of  t h i s  development can happen w i thou t  educa t i on  of  t h e  
95% who a r e  i l l i t e r a t e .  Educat ion i n c r e a s e s  t h e  embodied energy 
of peop le  who can  t h e n  do more compl ica ted  work which can i n c r e a s e  
t h e  t o t a l  embodied energy of t h e  coun t ry .  They can do more jobs  
i n  t h e  p r e s e n t  i n d u s t r i e s  and expand t o  o t h e r s .  The poor d i s t r i -  
but'ion of  r e s o u r c e s ,  and t h e  s q u a l o r  of Monrovia a r e  i n d i c a t i o n s  
of t h e  c h a l l e n g e  t o  t h e  educa ted .  
The maximum power p r i n c i p l e  s u g g e s t s  t h a t  energy  may f i n d  
i t s  b e s t  use .  W e  s h a l l  w a i t  t o  see what t h a t  means i n  t h e  r e a l  
world of  L i b e r i a .  
SUMMARY 
This paper is an overview of the energy system of Liberia, 
including the flows of energy from its resources, land uses, and 
external trade. 
Liberia's economic basis (energy used within 'the country) 
was 92% from renewable energies and 8% from imports in 1977. A 
large flow of embodied energy in iron ore was exported. If its 
embodied energy can be estimated from its generation rate in the 
earth cycle, its value was 93.9 E20 solar energy joules (SEJ), a 
quantity capable of greatly stimulating an economy that can use 
it. The relatively small amount of energy embodied in Liberia's 
imports(38.1 E20 SEJ/~) indicates it was sending away more valua- 
ble energy in iron than it was receiving in the imports of fuels, 
goods, and services. Renewable local energies used per person 
(2.37 El 6 SEJ/y) and per m2 (3.8 El 1 SEJ/~) were large, but fuel 
energies used were small. The rural economy was self-contained, 
with most of the resources not yet developed for the advantage 
of the Liberian people. 
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New ZeaZand 
8 .  ENERGY ANALYSIS OVERVIEW OF NEW ZEALAND 
Located in the strong westerly wind belts of the southern 
hemisphere oceans, New Zealand is a micro-continent that receives 
much more than its share of environmental energies including 
strong winds, tides, waves, active orographic uplift processes, 
heavy rain and snow-falls, and normal solar insolation. The two 
main islands are shown in Figure 8 .1  which also shows the mosaic 
of present land uses: vast areas of sheep and cattle pastures, 
native forest patches on mountains and rainy west coast, alpine 
and tussock grasslands on high mountain slopes, plantation 
forests, and areas of thorn forest of gorse caused by earlier 
grazing practices. The mountains of the northern island are 
volcanic; a longitudinal ridge of rugged mountains of the 
southern alps are metamorphosed sedimentary rocks, low in phos- 
phorus, uplifting and eroding in a rapid earth cycle. In this 
chapter an energy analysis overview is evaluated of the economy 
of humanity and nature of New Zealand. 
Kav 
-
Podocam f o r m  
Exotic f o n n  
I - I Dsvalomd farmland 
Figure 8.1. Ecosystems and land use of New Zealand. 
Figure 8.2 is a moderately aggregated energy network diagram 
of the main features of the system of humanity and nature of 
New Zealand compiled following group discussions on what appears 
important in New Zealand. 
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METHODS 
Methods of energy analysis are those given in Chapters 1-5. 
These differ from those in our earlier paper (Odum and Odum 
1980) by the following: earth heat energy inputs in solar 
equivalents have been added to the inputs of land processes; 
a higher solar equivalent for fossil fuels has been used based 
on data on the wood power plant at Jari, Brazil and on assigning 
a proportionate earth energy to observed coal in the crust. Net 
earth uplift was distinguished from earth cycle without net 
uplift in estimating land processes. For details see Appendices. 
RESULTS 
The main flows of energy are tabulated in Table 8.1 and 
the stored reserves are in Table 8.2. Items in tables are 
comparable, but not all additive since some include others. 
From these individual items, various categories of embodied 
energy flows were assembled in Table 8.3 and the accompanying 
Figure 8.3. Finally, indices of the system were calculated in 
Table 8.4. 
DISCUSSION 
Examination of the overview diagram of energy flows in 
embodied solar equivalents in Figure 8.3b confirms the qualitative 
diagram (Figure 8.2) in showing the environmental energy support 
to be as large as the fuels and imports. The list of energy 
sources running the combined economy of nature and humanity is 
like a signature to which the environmental systems, land uses, 
and c u l t u r e  adapt .  That which i s  d i s t i n c t  i n  New Zealand i s  
r e f l e c t e d  i n  t h e  magnitudes of t h e  embodied e n e r g i e s  of t h e  b a s i c  
environmental  f lows.  
ENERGY SIGNATURE OF THE ECONOMY 
The l a r g e s t  f lows i n  Table 8 .1  a r e  t h e  e n e r g i e s  of t h e  e a r t h  
cyc l e  a l though here  t h e r e  a r e  s t i l l  q u e s t i o n s  about  t h e  accuracy 
of t h e  energy t r ans fo rma t ion  r a t i o s .  New Zealand landscape i s  
s p e c t a c u l a r  wi th  s i g n s  of u p l i f t i n g  l a n d s ,  l a n d s l i d e s ,  r a p i d  
e ros ion ,  and s t reams h e a v i l y  laden with  boulders  and g r a v e l s .  
Importance of  h igh winds i s  c o n s i s t e n t  wi th  t h e  smal l  l e a f  
s i z e s  of evergreen  mountain beech f o r e s t s ,  ep i sodes  of extreme 
summer dry ing  i n  foehnwinds and i n c i d e n t s  of wind- fa l l  i n  e x o t i c  
t r e e  p l a n t a t i o n s .  
Importance of l a r g e  waves and t i d e s  a r e  obvious i n  t h e  
wave-cut headlands ,  course  beaches ,  and abundant marine faunas  
on t i d a l  mud f l a t s .  
Heavy p r e c i p i t a t i o n  r e p r e s e n t s  a  convergence of g l o b a l  energy 
t o  New Zealand. The chemical  p o t e n t i a l s  of  f r e s h  wate rs  d r i v e  
excep t iona l  y i e l d s  of l i v e s t o c k ,  a g r i c u l t u r e  and f o r e s t  p roduc t ion .  
The chemical p o t e n t i a l  i s  r e l a t i v e  t o  s a l t w a t e r  i n  p l a n t  l eaves  
which i s  maintained by s t r o n g  winds w i th  dry ing  a i r ,  p a r t  of 
which i s  genera ted  by mountain a c t i o n  prov id ing  fohn wind. 
Table 8.1. Energy flows of New Zealand, 1980. 
Actual ETR Embcdi ed 
Fcot- Enerqy SEJ/J o r  So la r  Enerqy 
M t a  M of margy J/Y s u / T  E20 S U / y  
Indigenous, renewable sources 
1 Di rec t  sun l iqh t  
2 Wind k i n e t i c  energy 
3 Rain m d  sncu, qeopotent ia l  
4 Rain, chemical p o t a n t i a l  
5 Tiden 
6 Waves 
7 Earth cyc le ,  physical  energy 
8 Hydroel-icity 
10 Wool prcduction 
11 Haat production 
Indiqanous, non-renewable sources 
12 Net t o p s o i l  qain,  4.1 El2 g/y 
13 Georharmal e l e c t r a c i t y  
14 Native wood use 
15 Coal 
16 Indigamus o a l  
17 Natural  qaa 
18 Fur l  e l e c t r i c i t y  
coa l  
qas  
o i l  
m- 
21 Phosphate, 1.209 E6 T 
22 Bauxite. 2.59 E5 T 
23 Iron and s t e a l .  4.5 E5 T 
24 Sugar 
Expo- 
26 Wool. 2.85 E5 T 
27 .%at, 6.6 E5 T 
28 But te r ,  s a r q a r m e ,  2.42 E5 T 
29 P l a n t a u o n  timber 
30 XL-um, 1 . 2 E 5  T 
31 I r o n o r e ,  3 . 5 E 6 T  
32 Services  in W r U  
$5.15 E9 
F o o t n o t e s  f o r  T a b l e  8 . 1  
1 .  Direct S u n l i g h t  
5 . 1 4  E9 ~ / m ~ / ~  ( L i s l e 1 9 6 0 )  ; area o f  New Z e a l a n d ,  2 . 6 9  E l  1  m2; 
c o n t i n e n t a l  s h e l f  area,  1 . 5 7  E l l  m2 ( t o  1 0 0  m  d e p t h ) ;  t o t a l  
area,  4 . 2 6  E l l  m2; albedo 2 0 %  over l a n d .  
O v e r  l a n d :  
( 0 . 8 )  ( 5 . 1 4  E9 ~ / m l / ~ )  ( 2 . 6 9  E l l  m2) = 11 .1  E20  J / y  
O v e r  s h e l f :  ( 5 . 1 4  E9 ~ / m ~ / ~ ) ( 1 . 9 7  E l l m2) = 10.1  E20 J / y  
T o t a l :  2 1 . 2  E20 J / y  
2 .  Wind  k i n e t i c  e n e r g y  
V e r t i c a l  d i f f u s i o n  c o e f f i c i e n $  u s e d  f o r  Medford O r e g o n  
( S w a n e y  1 9 7 8 ) ,  w i n t e r ,  5 . 2  m  /s: summer ,  - .02  m j / s ;  
ver t i ca l  g r a d i e n t :  w i n t e r ,  3 . 4  E-3 m/s/m; s u m m e r , - . 1 8  m/s/m. 
H e i g h t  of w i n d ,  1 0 0 0  m; d e n s i t y ,  1 . 2 3  kg/m3; area,  2 . 6 9  E l l  m2. 
w i n t e r  : 
2  2  ( 3 . 1 4  E-3 m/s/m) ( 2 . 6 9  E l l  m  ) = 2 . 6 7  E20  J / y  
( . l a  E-3 m/s/m12(2.69 E l l  m2) = 3 . 4  E l 6  J / y  
3 .  R a i n  a n d  s n o w ,  g e o p o t e n t i a l  
A v e r a g e  e l e v a t i o n :  4 8 3  m; r u n o f f :  1 . 4 2  m/y ( T o e b e s  1 9 7 2 ) .  
( A r e a  l a n d )  ( a v e r a g e  e l e v a t i o n )  ( r u n o f f )  ( d e n s i t y )  ( g r a v i t y )  
2  ( 2 . 6 9  E l l  m  ) ( 4 8 3  m) ( 1 . 4 2  m/y) ( 1  E 3  kg/m3) ( 9 . 8  m / s 2 )  
4 .  R a i n ,  c h e m i c a l  p o t e n t i a l  
R a i n f a l l :  average b e t w e e n  6 0 0  a n d  1 5 0 0  mm/y ( N . Z .  1 9 8 1 ) ;  
G  i s  4 . 9 4  J /g .  
(area i n c l u d i n g  s h e l f )  ( r a i n f a l l )  (G) 
( 4 . 2 6  E l l  m 2 )  ( 1 . 0 5 0  m/y) ( 4 . 9 4  J / g )  ( 1  E6  g/m3) = 2 - 2 1  E l 8  J / Y  
F o o t n o t e s  f o r  T a b l e  8 . 1  c o n t i n u e d  
5 .  T i d e s  absorbed o n  c o n t i n e n t a l  s h e l f .  
2  S h e l f  area: 1 . 5 7  E l l  m  ; a v e r a g e  t i d a l  h e i g h t :  1 . 9 2  m. 
(shelf  area) ( 0 . 5 )  ( t i d e s / y )  ( h t -  s q u a r e d )  ( d e n s i t y )  ( g r a v i t y )  
( 1 . 5 7  E l l  m2) ( 0 . 1 )  ( 7 0 6  / y )  ( 1 . 9 2  m) ( 1 . 9 2  m) ( 1 . 0 2 5  E3  kg,lm3) 
T i d e s  absorbed i n  e s t u a r i e s  
2  A r e a  o f  e s t u a r i e s :  0 . 3 9  E l l  m  ; 1 0 0 %  absorbed. 
( e s t u a r y  area) ( 0 . 5 )  ( t i d e s / y )  ( h t .  s q u a r e d )  ( d e n s i t y )  ( g r a v i t y )  
2  ( - 3 9  ~ l l  m  ) ( 0 . 5 )  ( 7 0 6  / y )  ( 1 . 9 2  m) ( 1 . 9 2  m) ( 1 . 0 2 5  E 3  kg/m3) 
( 9 . 8  m / s 2 )  = 5 . 1  E l 7  J / y  
T o t a l  t i d a l  e n e r g y  = 2 . 3  E l 8  J / y  
6 .  Waves 
F o r t y  % of t h e  coast  w a s  u s e d  a s  b e a c h  a b s o r b i n g  1 0 0 % ;  
6 0 %  w a s  t a k e n  as  r o c k  f a c e s  r e f l e c t i n g  1 / 2  o f  e n e r g y ;  
Mean p o w e r  o f  w a v e s  i n  T a r a n a k i  B i g h t  a t  M a u i  A  o i l  d r i l l i n g  
p l a t f o r m ,  2 5  kw/m (R .M.  Kirk) ;  f a c i n g  shore l i n e ,  3 . 0  E6 m  
7 .  E a r t h  c y c l e ,  p h y s i c a l  e n e r g y  
1 . 5  mm/y (Adams 1 9 7 8 )  ; h e a t  f l o w  a s s u m e d ,  4 . 0  E6 ~ / m ' / ~  
( 4 . 0  E6 ~ / m ~ / ~ ) ( 2 . 6 1  E l l m2) = 1 . 0 4  E l 8  ~ / y  
8 .  H y d r o e l e c t r i c i t y  
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1 9 8 0 :  
( 1  8 , 6 9 1  E9 w a t t  h r / y )  ( 1  J / s / w a t t )  ( 3 6 0 0  s / h r )  = 6 . 7 3  E l 6  J / y  
F o o t n o t e s  f o r  T a b l e  8 . 1  c o n t i n u e d  
9 .  P l a n t a t i o n  wood 
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1 9 8 0 :  
( 9 3 7 2  E3  m3/y) ( 0 . 5  E6 g/m3) ( 3 . 6  k c a l / g )  ( 4 1 8 6  J / k c a l )  
1 0 .  Wool p r o d u c t i o n  
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1 9 8 0 :  
( 3 5 7  E3  T / y )  ( 1  E6 g /T )  ( 5  k c a l / g )  ( 4 1  8 6  J / k c a l )  
= 7 . 4 7  E l 5  J /y  
11  . Meat p r o d u c t i o n  
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1 9 8 0 :  
( 6 . 6  1 5  E5  T / y )  ( 0 . 2 2  p r o t e i n )  ( 4  k c a l / g )  ( 4  1 8 6  J / k c a l )  
( 1  E6 g /T )  = 3 . 0 5  E l 5  J /y  
1 2 .  N e t  s o i l  
S e e  A p p e n d i x  A18 a n d  T a b l e  2 . 1  
N e t  l o s s  of ea r th  n o t  c a l c u l a t e d  b e c a u s e  ra te  o f  e a r t h  
f o r m a t i o n  n o t  known.  
N e t  c h a n g e  o f  t o p s o i l  
U s e  r a t e  f r o m  P a c i f i c  s t a t e s  o f  U.S. a n d  c u l t i v a t e d  
a c r e a g e ,  1 4  - 2  E l 0  m2; 6  E l  0  mZ i n  s o i l  f o r m i n q  s u c c e s s i o n ,  
( 1 4 . 2  ~ 1 0  m2) ( 2 5 0  g/mL/y) - ( 6  E l 0  m2) ( 1 2 6 0  g/m2/y) ; 6  ~ 1 0  m2 
= 4 .1  E l 2  g / y  s o i l  g a i n  
1 3 .  G e o t h e r m a l  e l e c t r i c i t y  
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1 9 8 0 :  
( 2 9  E l 5  J /y  hea t )  ( 0 . 1 3  e f f i c i e n c y  i n  p r a c t i c e )  
= 3 . 7 7  E l 5  J /y  e l e c t r i c i t y .  
F o o t n o t e s  f o r  T a b l e  8 . 1  c o n t i n u e d  
1 4 .  N a t i v e  wood u s e  
( 5 5 9  ~ 3  m3/y) ( 0 . 8  E6 g/m3) ( 4 . 2  k c a l / g )  ( 4 1 8 6  J / k c a l l  
= 7 . 8 6  E l 5  J /y  
1 5 .  C o a l  u s e  
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1980 :  5 5  E l 5  J / y  
1 6 .  I n d i g e n o u s  o i l  
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1 9 8 0 :  3 . 7  E l 6  ~ / y  
1 7 .  N a t u r a l  g a s  
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1 9 8 0 :  3 . 7  E l 6  J / y  
1 8 .  F u e l  g e n e r a t e d  e l e c t r i c i t y  
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1 9 8 0 :  
coal :  ( 2 . 3 3  E5 T )  ( 1  E6 g /T)  ( 7  k c a l / g )  ( 4 1 8 6  J / k c a l )  
= 6 . 8 3  E l 5  J / y  
o i l :  ( 1 . 7 5  E4 T)  ( 4 4  E6 J / k g )  (1  E3 kg /T)  
= 0 . 7 7  E l 5  J / y  
g a s :  4 . 0  E l 5  J / y  
1 9 .  P o t a s h  
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1 9 8 0 ;  702 J / g  KC1, see F o o t n o t e  
8 ,  T a b l e  A15. 
2 0 .  I m p o r t e d  o i l  u s e  
1 9 8 1 ,  New Z e a l a n d  Y e a r b o o k  1 9 8 0 :  1 7 8  E l 5  ~ / y  
Footnotes for Table 8.1 continued 
21. Imported phosphate 
1981, New Zealand Yearbook 1980: 1.209 E6 ~ / y ;  ETR, Appendix 
A6. 
22. Imported bauxite use 
1981, New Zealand Yearbook 1980: 2.59 E5 T/y; ETR 
Appendix A12 
23. Imported iron and steel 
1981, N.Z. Yearbook 1980: 4.5 E5 T/y; ETR, Appendix A13 
24. Sugar import 
1981, N.Z. Yearbook 1980: 1.51 E5 T/y; ETR, Appendix A17. 
(1.51 E5 T/y) (1 E6 g/T) (4 kcal/g) (4186 J/kcal) 
= 2.53 El5 J/y 
25. Human services embodied in all imports 
1981, N.Z. Yearbook 1980: $5.17 E9 Imports; Energy dollar 
ratio for 1980 for U.S. from Appendix A4. 
26. Wool export 
1981, N.Z. Yearbook 1980: 
(285 E3 T/y) (1 E6 g/T) (5 kcal/g) (4186 ~/kcal) 
= 5.96 El5 J/y 
27. Meat export 
1981, N.Z. Yearbook 1980: 6.6 E5 T/y; assume 22% protein 
(6.62 E5 T/y) (1 E6 g/T) (0.22) (5 kcal/g) (4186 J/kcal) 
= 3.05 El5 J/y 
F o o t n o t e s  f o r  T a b l e  8.1. c o n t i n u e d  
2 8 .  B u t t e r ,  m a r g a r i n e  
1 9 8 1 ,  N . Z .  Y e a r b o o k  1 9 8 0 :  2 . 4 2  E5 T  / y  a t  $360  ~ 6  / y  
2 9 .  P l a n t a t i o n  wood 
3  1 9 8 1 ,  N . Z .  Y e a r b o o k  1 9 8 0 :  1 . 6 2  E6 m / y  wood,  
3  3  3  3  ( 1 . 6 2  E6 m  / y )  ( 1  E6 c m  /m ) ( 0 . 5  g/cm ) ( 3 . 6  k c a l / g )  ( 4 1 8 6  J / k c a l )  
30 .  Aluminum i n g o t  e x p o r t  
1 9 8 1 ,  N . Z .  Y e a r b o o k  1 9 8 0 :  
( 1 . 2 0  E5 T /y )  ( 1  E6 g / T )  = 1 . 2  E l l  g / y  
31 .  I r o n  ore e x p o r t  
1 9 8 1 ,  N. .Z .  Y e a r b o o k  1 9 8 0 :  
3 . 5  E6 T/y 
32 .  S e r v i c e s  i n  e x p o r t s  
1 9 8 1 ,  N . Z .  Y e a r b o o k  1 9 8 0 :  $ 5 . 1 5  E9 e x p o r t s  
E n e r g y  d o l l a r  r a t i o  f o r  New Z e a l a n d  f r o m  T a b l e  8 . 4  
T a b l e  8 . 2 .  E n e rg y  e v a l u a t i o n  o f  r e s o u r c e  r e s e r v e s  o f  New Z e a l a n d .  
E n e r g y  
A c t u a l  T r a n s . r a t i o  E m b o d i e d  
F o o t -  E n e r g y  S E J / J  o r  S o l a r  E n e r g y  
n o t e  T y p e  o f  e n e r g y  E l 8  J S E J / g  E 2 0  S E J  
1 C o a l  5 7 .  4 . 0  E4  2 2 8 0 0 . 0  
2  N a t u r a l  g a s  6 . 9  5 . 3  E4  3 6 5 7 . 0  
3  N a t i v e  w o o d  8 2 . 6  3 . 2 3  E4  2 6 6 8 0 . 0  
4  P l a n t a t i o n  w o o d  7 . 8  6 . 2 2  E 3  4 8 5 . 0  
5  T o p s o i l  1 4 2 . 0  2 . 5  E 6  l , 8 0 0 , 0 0 0 . O  
6  I r o n  s a n d s ,  8 5 6 . 0  E l 2  g  - 8 . 6  E 8  / g  7 3 6 1 . 0  
7  L i g n i t e  6 1 . 0  3 . 8  E 4  2 3 1 8 0 . 0  
8  G e o t h e r m a l  h e a t  
7 0 ~ 1 8 0 ~ ~  
> 1 8 o o c  
F o o t n o t e s  f o r  T a b l e  8 . 2  
1 .  C o a l  
57 E l 8  J r e c o v e r a b l e  ( M i n i s t r y  o f  E n e r g y  1981 )  
2 .  N a t u r a l  g a s  and  o i l  c o n d e n s a t e  
Kapu n i ,  0 . 4 3  E l 8  J/ g a s ,  0 .22  E l 8  J c o n d e n s a t e ;  
Maui ,  5 . 5  E l 8  J g a s ,  0 . 7 8  E l 8  J c o n d e n s a t e ;  
M c K e e ,  0 .122  E l 8  J g a s  ( M i n i s t r y  o f  Ene rgy  1 9 8 1 ) .  
3. N a t i v e  wood 
1975 (Bray  1 9 7 9 ) ,  2 3 . 5  E l 4  g c a r b o n  
( 2 3 . 5  El 4  gC) (2  g  wood/gC) ( 4 . 2  k c a l / g )  (41  86 ~ / k c a l )  
= 8 .26  E l 9  J 
A p p r o p r i a t e  ETR i s  f o r  u n h a r v e s t e d w o o d  ~ p p e n d i x  A5. 
F o o t n o t e s  f o r  T a b l e  8 . 2  c o n t i n u e d  
4 .  P l a n t a t i o n  wood 
1975  b i o m a s s ,  2 .6  E l 4  g  c a r b o n  ( B r a y  1 9 7 9 )  
( 2 . 6  El 4  g c )  ( 2  g  wood/gc) ( 3 . 6  k c a l / g )  (41  86 J / k c a l )  
= 7 . 8  E l 8  J 
A p p r o p r i a t e  ETR i s  f o r  u n h a r v e s t e d  wood ( A p p e n d i x  A 1 0 ) .  
5 .  Top s o i l  
s o i l  c a r b o n  ( B r a y  1 9 7 9 )  31 .3  E l 4  g  c a r b o n  
(31  . 3  El 4  g c )  (2 g o r g a n i c / g c )  ( 5 . 4  k c a l / g )  ( 4 1  86 ~ / k c a l )  
= 1 . 4 2  E20 J 
6.  I r o n  s a n d s  
1 9 8 1 ,  N . Z .  Yearbook  1980:  852 E6 T  
7 .  L i g n i t e ,  r e c o v e r a b l e  ( M i n i s t r y  o f  E n e r g y  1 9 8 1 )  
E n e r g y  t r a n s f o r m a t i o n  r a t i o  i n t e r p o l a t e d  b e t w e e n  wood a n d  
c o a l  as 3 . 8  E4 SEJ/J .  
8 .  G e o t h e r m a l  h e a t  
31 El  8  J above 1 8 0 ' ~  c o n v e r t a b l e  t o  e l e c t r i c i t y  
47 E l 8  J b e t w e e n  7 0 ' ~  a n d  1 8 0 ' ~  
0.1 s l e c t r i c a l  J p e r  t h e r m a l  J a b o v e  180 '  ( M i n i s t r y  o f  E n e r g y  
1 9 8 1 ) ;  ETR u s e d ,  0.1 o f  1 . 5 4 4  E5 
STORED RESERVES 
S t o r e d  r e s e r v e s  o f  v a r i o u s  k i n d s  are g i v e n  i n  T a b l e  8 . 2 .  
N a t u r a l  g a s  f r o m  o f f s h o r e  w e l l s  a n d  c o a l  reserves are  impor -  
t a n t .  D u r i n g  p e r i o d s  when t h e  snow f i e l d s  a n d  g l a c i e r s  are  
retreating as during recent years of this century, the ice melting 
is a small non-renewable input to hydroelectric system not yet 
evaluated. As in other areas of intensive agriculture, there are 
losses in reserves of stored soil. Erosion rate is faster than 
the steady state earth cycle rate. The net balance of earth 
(clays) was not evaluated, lacking data, but top soil was the most 
valuable resource. Evaluation in Table 8.1, Footnote 12, suggests 
that topsoil may be forming in areas of gorse, pinelands and other 
suressional areas faster than lost in farming. Soil loss was 
prevalent in earlier times of over-grazing, forest burning, etc. 
The work of the land in providing elevated catchment provides 
geopotential energy from the rains and snows, much of which is 
already harnessed in hydroelectric conversion. Part of the 
South Island hydroelectricity goes by undersea cables to the 
Auckland urban center of the north, and part operates a large 
aluminum ingot plant on the southern tip of the South Island. 
The non-renewable uses at present are relatively small. 
Geothermal steam is non-renewable, since new bore holes must 
tap new rock areas as old ones are cooled. Addition of new geo- 
thermal-use diverts hot springs already in use for local heating, 
cooking, and. tourist attractions. Virgin forest cutting is small; 
most remaining areas are in demand for conservation, wildlife, 
aesthetics, tourists, watershed protection, etc. 
The nation is highly developed with 85% of its population 
being urban. Generally the urban areas run on imported oils and 
imported iron and steel. Bauxite ore for the aluminum plant is 
imported from Australia. Especially in the South Island, the 
major use of phosphatic fertilizer from Christmas Island is the 
basis of the pastures where excess of phosphate induces nitrogen 
fixation by clovers to complement plant needs. Although the price 
is not high, the embodied energy imported in phosphate is very 
large. 
The traditional major export of wool and meat continues, 
and the export of wood and paper products increased. On a 
embodied energy basis, wool, aluminum and iron sands were large 
exports where dollar values may be misleading. 
Table 8.3. Summary flows for New Zealand in Figure 8.3. 
L e t t e r  Embodied 
i n  Solar  Energy Dollars  
Figure I t e m  E20 SEJ/y E9 $/y 
R Renewable sources used, S E J / ~ ~  
( r a i n ,  chem. ' p lus  t i d e s )  
N Non-renewable sources flow 
within the  country (SEJ/yr): 
N dispersed r u r a l  source (SEJ/yr) 
0 
87.0 
N Concentrated use (SEJ/yr) 1 40.0 
N Exported without use 2 42.0 
F Imported minerals  & f u e l s  (SEJ/yr) 221.0 
G Imported goods (SEJ/yr) 7.7 + 
'2'3 Imported service  ( s ~ J / y r )  67.8 
I Dollars  pa id  f o r  imports ($/y)  - 
E Dollars  pa id  f o r  exports  ($ /yr)  - 
P1E3 ~ x p o r t e d  se rv ices  (SEJ/yr) 119.0 
Table  8 .3 .  c o n t i n u e d  
L e t t e r  Embodied 
i n  So la r  Energy Do l l a r s  
Figure Item E20 SEJ/y E9 $/Y 
B Exported p roduc t s ,  transformed 
wi th in  t h e  country (SEJ/yr) 
(wool, t imber ,  aluminium) 250.0 
X Gross National  Product  ($/yr)  - 26.0 
P2 Rat io  embodied energy t o  d o l l a r  
of imports  (SEJ/$ US) 
1 Rat io  embodied energy t o  d o l l a r  
of  country & f o r  i t s  expor t s  (SEJ/$) 2.97 El2 SEJ/$ 
F o o t n o t e s  f o r  Tab le  8 . 3  
R Highes t  g l o b a l  i n p u t  t h e  chemical  c o n t r i b u t i o n  o f  r a i n  
p l u s  t i d e s  (wind and rock u p l i f t  n o t  used  pending 
b e t t e r  d a t a  on r a t e s ) .  
No Non-renewable c u t t i n g  of  podocarp f o r e s t , n e t  s o i l  
N1 Urban u s e  of  N e w  Zealand c o a l  and g a s  
N 2  Expor t  of  f u e l  and i r o n  sands  
F  Imported o i l ,  phospha te ,  b a u x i t e  
G Imported goods:  s u g a r ,  r u b b e r ,  o r g a n i c  m a t e r i a l s ,  i r o n  
aria s t ee l  
P213 Impor t  s e r v i c e ,  c o r r e c t e d  by s u b t r a c t i n g  $ f o r  f u e l s  and 
goods s e p a r a t e l y  e v a l u a t e d :  o i l ,  phospha te ,  b a u x i t e  
I, = ($5.172 - 0.94 - 0.05 - 0.04)  E9 
= $4.14 E9 /g 
Footnotes to Table 8.3. continued 
I & E New Zealand Yearbook 1981 ) . 
PIE3 Subtract $ already included for wool, timber, aluminum 
E3 = ($5.152 - 0.93 - 0.053 - 0.151) = $4.02 E9 /fr 
B Wool, timber aluminum 
X Gross domestic product, $20.908 E9 plus imports, 
5.172 E9 $/y = $26.0 E9 
P2 Appendix A4, 1.64 El2 SEJ/$ 
1 
- 
Energy used - R + No + N1 + F + G + (P2 - G1/x) I3 P1 - GNP 
minerals Q D 
d , 1 Nation 1 411 
sources Exports 
R . N , . N , N ,  N, .  B. P, E, 
F i g u r e  8 . 3 .  Summary diagram of t h e  embodied energy f lows of  
New Zealand. An e v a l u a t i o n  t a b l e  i s  g iven  a s  
Table  8 . 3 .  I n c i c e s  from t h e s e  v a l u e s  a r e  c a l c u l a t e d  
i n  Table  8 . 4 .  ( a )  Flows i n  Table  8 . 3 ;  ( b )  f u r t h e r  
a g g r e g a t i o n  t o  form a three-arm diagram. 
Table 8.4. Indices using embodied energy for overview of 
New Zealand. 
Item Name of index & expression, see Figure 8.3 
1 Renewable embodied energy 
flow R 
2 Flow from indigenous non- 
renewable resenres N 
3 Flow of imported embodied 
energy F+G+P21 314. E20 SEJ/Y 
4 Total embodied energy 
in£ lows R+N+F+G+P21 746. E20 SEJ/y 
5 Total embodied energy 
used, U 
6 Total exported embodied 
energy 
7 Fraction of embodied energy 
used derived from home 
sources (No+N1+R) /U 0.60 
8 Exports minus imports (N~+B+P~E)-(F+G+P~I 98- E20 SEJ/g 
9 Ratio of exports .to imports (N2+B+P1E)/(F+G+p21) 1.31 
10 Fraction used, locally 
renewable R/U 
11 Fraction of use purchased (F+G+P21) /U 0.4 
12 Fraction used that is 
imported senrice P21/U 
13 Fraction of use that is 
free ( R+No ) /U 
14 Ratio of concentrated to 
rural (F+G+P~+I+N~) / (R+N~) 0.81 
15 2 use per unit area (2.69 Ell m ) u/(area) 2.94 Ell S E J / ~ ~ / ~  
16 Use per capita (3.1 E6 pop.) u/population 2.55 El6 SEJ/cap/y 
17 Renewable carrying capacity 
at present living standard (R/u) (population) 1.71 E6 people 
18 Developed carrying capacity 
at same living standard 8 (R/u) (population) 13.6 E6 people 
19 Fuel fraction F/U 0.17 
Energy ~ensity 
Per unit area, the total embodied energy in New Zealand is 
large because many of the environmental energies are greater than 
in other areas, (2.94 El 1 S E J / ~ ~ / ~ )  . Although the human economy 
is well developed in use of fuels for urban life and industries, 
the spatial concentration of these assets is small compared to 
Japan and Germany. 
Energy per Capita 
With a population of 3.1 million people over a large land 
2 
area, the population density is 11.5 persons per km . The 
environmental energy per person is very large and when combined 
with the fuel allocation per person, a rich level of embodied 
energy per-person results, 2.55 El6  per person. 
Self Sufficiency 
A self sufficiency index is the fraction of the embodied 
energy which is indigenous, which is 60% for New Zealand. When 
self sufficiency is estimated from money only, the fraction of 
the gross national product, which is internal (GDP), is 80.4%. 
The New Zealand standard of living is much more dependent on 
imported oil and phosphate than recognized by economic data. 
However, the economy is maximized by encouraging the most 
use of outside fuels so long as a favorable ratio of embodied 
energy results from the trade. Fluctuations in fuel and phosphate 
costs are the principal short range factor affecting the economy. 
Development S t a g e  
Highly  deve loped  c o u n t r i e s  u t i l i z e  f r e e  i n d i g e n o u s  s o u r c e s  
t o  a t t r a c t  economic a c t i v i t i e s  t h a t  match h i g h  q u a l i t y  f u e l s ,  
goods ,  and s e r v i c e s  t o  t h e  env i ronmenta l  r e s o u r c e s  w i t h  which 
t h e y  i n t e r a c t  i n  p r o d u c t i v e  t r a n s f o r m a t i o n .  Economic development  
may be  i n d i c a t e d  by t h e  f r a c t i o n  o f  ene rgy  u s e  which i s  purchased,  
4 4 %  f o r  New Zealand.  A r e l a t e d  i n d e x  is  t h e  r a t i o  o f  c o n c e n t r a t e d  
e n e r g i e s  t o  r u r a l  b a s e  r e s o u r c e ,  0.77 f o r  N e w  Zealand.  These 
r a t i o s  are much h i g h e r  t h a n  underdeveloped c o u n t r i e s ,  b u t  n o t  
as h i g h  a s  t h e  most i n d u s t r i a l i z e d .  I n  o t h e r  words ,  N e w  Zealand 
has  c o n s i d e r a b l e  r u r a l  and f r e e  r e s o u r c e s  f o r  f u r t h e r  economic 
development .  Very h i g h  i s  t h e  r a t i o  o f  e l e c t r i c a l  ene rgy  use  
t o  t o t a l  u s e  (113 E20 J / y ) / ( 7 9 1  E20 J / y )  = 0.14.  
O v e r a l l  R a t i o  of  Embodied Energy t o  D o l l a r  Flow 
The t o t a l  e m b o d i e d e n e r g y i n  u s e  w i t h i n  t h e  c o u n t r y  may b e  
d i v i d e d  by t h e  t o t a l  g r o s s  n a t i o n a l  p r o d u c t  e x p r e s s e d  i n  t h e  
contemporary U.S. d o l l a r  e q u i v a l e n t s  ( T a b l e  8 . 4 ) .  The 
r e s u l t i n g  embodied ene rgy  t o  d o l l a r  r a t i o ,  i s  an i n d e x  o f  t h e  
amount o f  r e s o u r c e s  d r i v i n g  t h e  c i r c u l a t i n g  money. Converse ly ,  
t h e  r a t i o  i n d i c a t e s  how much r e a l  work a  d o l l a r  w a s  buying.  
The r a t i o  f o r  N e w  Zealand,  3 El2  SEJ/1980 $, i s  h i g h .  A s  a 
p r e d i c t o r  and i n d i c a t o r  o f  buying power, t h e  e n e r g y / d o l l a r  
r a t i o  i s  l i k e  a  consumer p r i c e  index .  The e n e r g y - d o l l a r  r a t i o  
measures what i s  c o n t r i b u t e d  when s e r v i c e s  a r e  purchased .  Coun- 
t r i e s  w i t h  a h i g h  r a t i o  l i k e  N e w  Zealand a r e  c o n t r i b u t i n g  more 
s e r v i c e s  pe r  d o l l a r  i n  t r a d e .  P r i c e s  a r e  less ,and d o l l a r s  
buy more s e r v i c e s .  
Foreign Trade 
When f o r e i g n  t r a d e  and o t h e r  money exchanges a r e  examined 
i n  d o l l a r s ,  t h e r e  i s  n e a r l y  a  ba lance ,  b u t  money does n o t  i n d i c a t e  
t h e  u l t i m a t e  c o n t r i b u t i o n  of raw produc ts  t o  an economy's buying 
power. The energy d o l l a r  r a t i o  p rov ides  a  qu ick  shor thand way 
t o  e v a l u a t e  r e l a t i v e  advantage of f o r e i g n  t r a d e  based on d o l l a r  
va lues .  The count ry  w i th  t h e  h ighe r  energy d o l l a r  r a t i o  g i v e s  
more u l t i m a t e  economic va lue  t o  i t s  t r a d i n g  p a r t n e r  t han  it 
rece ives .  For example, New Zealand wi th  a  h igh  energy d o l l a r  
r a t i o  g e t s  l e s s  from buying f o r e i g n  f u e l  than  t h e  United S t a t e s ,  
because it g i v e s  more i n  exchange. 
When f o r e i g n  t r a d e  i s  examined i n  t h e  aggrega te  i n  F igure  
8 . 3 ,  New Zealand i s  found t o  expor t  more embodied energy than 
it r e c e i v e s .  I t s  p o l i c y  i n  r e c e n t  yea r s  t o  accen tua t e  expor t  
of raw produc ts  (such a s  t imber ,  meat, wool, c o a l ,  e t c . )  causes  
f o r e i g n  t r a d e  t o  dec rease  i t s  own economic v i t a l i t y ,  t h e  oppos i t e  
e f f e c t  in tended.  The s i t u a t i o n  would be even more t o  t h e  
disadvantage of t h e  l o c a l  economy i f  it were n o t  r ece iv ing  a  
l a r g e  embodied energy i n  i t s  phosphate and f u e l s  e n e r g i e s  imports .  
A b e t t e r  p o l i c y  from l o c a l  p o i n t  of view i s  t o  e l i m i n a t e  
expor t  commodities (wool, meat, wood, aluminum, i r o n  o r e ,  c o a l )  
and l e t  t h e  end uses  of t h e s e  produc ts  develop i n  t h e  l o c a l  
economy providing jobs t h e r e .  This  may be understood by r e a l i z i n g  
t h a t  e l i m i n a t i o n  of e x p o r t s  would cause  p r i c e s  t o  f a l l  l o c a l l y  
making industries using these products to prosper at home 
attracting outside investments and ultimately exporting high 
quality finished products with much higher embodied energy 
return. 
Alternatively, equivalent embodied energy in non-monied 
service might be negotiated from trading partners so that 
aid is received in categories of defense, cultural exchange, 
information, etc. 
Carrying Capacity 
The capacity of a country to support people may be 
estimated from embodied energy flows in various contingencies 
(Table 8.2). First is the carrying capacity if only the renewable 
energies were available as may eventually be the situation. For 
New Zealand retaining the current energy per person, this is 
1.7 million people, 54% of the present. If the matching fuels 
and other intensive energies could be increased to the ratio 
found in the most developed nations with a ratio of 8 times the 
renewable base, a population for New Zealand would be 13.9 
million people. 
Land Use 
As indicated in Figure 8.1, the heavy emphasis in land 
use is on cash crop exports in sheep meat, wool, exotic planta- 
tion timber, and aluminum produced from dammed valleys generating 
hydroelectric power. Since this policy has the reverse effect 
on the economy intended, diversification to provide more variety 
of p roduc t s  f o r  a  more balanced s e l f - s u f f i c i e n t  economy can 
u l t i m a t e l y  g e n e r a t e  more home use  of embodied energy and g a i n  
more i n  exchange. 
Large a r e a s  of l i t t l e - u s e d  l a n d s  i n  g o r s e  t h o r n  s c rub  
r e s u l t  from sheep roaming and e l i m i n a t i n g  n a t i v e  t ree s e e d l i n g s .  
Areas w i thou t  trees f o r  r e seed ing  a r e  s o  broad t h a t  t h e  n a t u r a l  
r a p i d  r e g e n e r a t i o n  of  h igh  q u a l i t y  f o r e s t s  and s o i l s  when l e f t  
f a l l o w  i s  n o t  p roceed ing .  P r o t e c t i n g  l a n d s  s o  t h a t  n a t u r a l  
r e v e g e t a t i o n  can occur  ha s  t h e  h i g h e s t  of  a l l  n e t  energy y i e l d s  
of  a l l  r e s o u r c e s .  New Zealand needs a  c r a s h  program t o  r e s t o r e  
t h e  gene poo ls  i n  every  squa re  k i l ome te r  of such l a n d s  t o  
f a c i l i t a t e  t h e  work of  n a t u r e  i n  r e g e n e r a t i n g  h igh  va lue .  The 
p r e l im ina ry  c a l c u l a t i o n  of  s o i l  ba l ance  i n  Table  8 . 1  a l r e a d y  
r ecogn ize s  a  n e t  g a i n  from such l a n d s .  
Trends 
The v a r i o u s  i n d i c e s  of embodied energy s u g g e s t  t h a t  some 
economic growth and concu r r en t  popu la t i on  growth may occur  
w i thou t  l o s s  of s t a n d a r d  of  l i v i n g ,  e s p e c i a l l y  a s  r e c e n t  e x p o r t  
p o l i c i e s  a r e  d i s c a r d e d ,  a s  some of t h e  l a n d  u se s  a r e  changed, 
and manufacture of  more f i n i s h e d  produc t s  deve lops .  Res to r ing  
e l e c t r i c  t r a i n s  i n s t e a d  of t r y i n g  t o  t r a d e  aluminum i n g o t s  f o r  
motor f u e l s  is  f a r  b e t t e r  e n e r g e t i c s .  I f  t h e  world o u t s i d e  
pa s se s  i t s  c r e s t  of  t o t a l  economic a s s e t s  and growth i n  t h e  n e x t  
decade o r  s o ,  New Zealand w i l l  t h e n  be  i n  a  s t r o n g  p o s i t i o n  t o  
be a  r e g i o n a l  economic c e n t e r  of t h e  sou th  s e a s ,  u s ing  i t s  s a i l  
b o a t s  and s e a  f i s h e r i e s  more a t  home, w i th  less c o n t r a c t i n g  of 
i t s  economy than  most of t h e  h i g h l y  developed c o u n t r i e s .  
I n  our  p rev ious  paper (Odum and Odum 1979) we included 
a  s imula t ion  computer model which showed a  s u s t a i n e d  economy by 
reducing f o r e i g n  t r a d e  of raw p roduc t s ,  w i th  a  g radua l  economic 
decrease  i n  t h e  nex t  cen tu ry  e s p e c i a l l y  a f t e r  phosphate f e r t i l i z e r  
may become i n  s h o r t  supply and imported a t  h igh  c o s t .  
Our energy a n a l y s i s  r epo r t ed  f i r s t  i n  1977 and improved 
h e r e ,  seems t o  be more r e a l i s t i c  i n  d e f i n i n g  b a s i s  f o r  growth 
than  o t h e r  statements of t r e n d  n o t  based on energy which p r e d i c t e d  
growth (Jansen 1977; Min i s t ry  of Energy 1978, 1981) .  
J . P .  ~ e n d z i m i r ,  W .  Dunn, and H.T. Odum 
C e n t e r  f o r  W e t l a n d s  and E n v i r o n m e n t a l  
E n g i n e e r i n g  and S c i e n c e s  
U n i v e r s i t y  o f  F l o r i d a ,  G a i n e s v i l l e  
9. ENERGY ANALYSIS OVERVIEW OF DOMINICA* 
I n t r o d u c t i o n  
The S y s t e m  of Dominica 
Dominica i s  t h e  l a r g e s t  o f  t h e  Windward I s l a n d s  i n  t h e  L e s s e r  
A n t i l l e s  o f  t h e  C a r r i b e a n  and h a s  a  l a n d  a r e a  of  approx imate ly  790 
s q u a r e  k i l o m e t e r s  ( s e e  F i g u r e  9 . 1 ) .  Being t h e  p r o d u c t  of  t h e  f u s i o n  
of  t h r e e  v o l c a n o e s ,  Dominica i s  t h e  most mountainous i s l a n d  o f  t h e  
L e s s e r  A n t i l l e s .  The overwhelming i n f l u e n c e  o f  r u n o f f  and l and-  
s l i d e s  o f  t h e  mountainous i n t e r i o r  dominates  t h e  narrow band of  
g e n t l e  s l o p e s  which g i r d  t h e  i s l a n d ' s  p e r i m e t e r .  The l a r g e s t  peak 
o f  t h e  i n t e r i o r  h i g h l a n d s  i s  Morne D i a b l o t i n  ( 1 4 4 0  m ) .  R a i n f a l l  
i s  h i g h  i n  r e l a t i o n  t o  o t h e r  i s l a n d s  i n  t h e  C a r r i b e a n  and most 
envi ronments  on e a r t h ,  r a n g i n g  from 2030 mm/year a t  t h e  s e a s i d e  
c a p i t o l  of  Roseau t o  o v e r  9000 mm/year i n  t h e  c l o u d  f o r e s t s  a t  
t h e  mountain summits. The mounta ins '  b l o c k i n g  o f  t h e  t r a d e  winds 
c a r r y i n g  m o i s t  t r o p i c a l  a i r  c a u s e s  a  l a r g e  r u n o f f  o f  h igh  q u a l i t y  
r a i n w a t e r  w i t h  g r e a t  chemical  p o t e n t i a l  e n e r g i e s  which s u p p o r t  t h e  
work o f  w e a t h e r i n g  and f o r e s t  growth.  
* Work i n i t i a t e d  i n  Energy A n a l y s i s  Courses  a t  t h e  U n i v e r s i t y  of  
F l o r i d a ,  s u p p o r t e d  by a  p r o j e c t  w i t h  T.A. Rober tson f o r  t h e  Agency 
f o r  I n t e r n a t i o n a l  Development, and completed a t  t h e  I n t e r n a t i o n a l  
I n s t i t u t e  f o r  Appl ied  Systems A n a l y s i s ,  Laxenburg, A u s t r i a .  
Figure 9.1. Land use map of Dominica adapted 
from United Nations (1 975) . 
The d i s s i p a t i o n  o f  g r a v i t a t i o n a l  p o t e n t i a l  ene rgy  a s  r a i n -  
w a t e r  f lows  down from t h e  summits, s e r v e s  t o  shape  t h e  l a n d s c a p e .  
However, much o f  t h i s  ene rgy  c u r r e n t l y  washes s t r a i g h t  i n t o  t h e  
s e a  w i t h o u t  b e i n g  h a r n e s s e d  economica l ly ,  such a s  f o r  hydropower. 
The i n t e r a c t i o n  o f  h i g h  r a i n f a l l  and v o l c a n i c  s o i l s  h a s  produced 
c loud  f o r e s t s  on t h e  peaks and r a i n  f o r e s t s  on t h e  upper  s l o p e s  
( s e e  F i g u r e  9 . 2 ) .  I n a c c e s s i b i l i t y  from marke t s  and rugged topo- 
graphy have daun ted  many a t t e m p t s  t o  r e p l a c e  t h e s e  f o r e s t s  w i t h  
i n t e n s i v e  a g r i c u l t u r e .  Most peop le  have been s u p p o r t e d  w i t h  
s h i f t i n g  c u l t i v a t i o n  i n  s m a l l  p l o t s  u t i l i z i n g  r a i n  f o r e s t  s o i l s  
and wood f o r  s h o r t  p e r i o d s .  The v i r g i n  r a i n  f o r e s t  h a s  d imin i shed  
from rough ly  t w o - t h i r d s  o f  t h e  i s l a n d ' s  a r e a  t o  1/3 a t  p r e s e n t .  
Dominica i s  r i c h  i n  o t h e r  env i ronmenta l  i n p u t  w i t h  h i g h  
embodied e n e r g i e s ,  i n c l u d i n g  s u n ,  wind,  waves, t i d e s ,  r a p i d  geo- 
l o g i c  u p l i f t  and t h e r m a l  i n p u t  from v o l c a n i c  a c t i v i t y .  The 
e n e r g i e s  o f  s e v e r e  h u r r i c a n e s  p u l s e  th rough  t h e  sys tem on an 
i r r e g u l a r  b a s i s ;  s e v e r a l  hav ing  swept t h e  i s l a n d  i n  t h e  l a t e  
1 9 7 0 ' s  and e a r l y  1 9 8 0 ' s .  The inmedia te  e f f e c t s  o f  winds ,  f l o o d s  
and h i g h  t i d e s  a r e  d e s t r u c t i v e  t o  h o u s i n g , r o a d s  and docks ,  b u t  
t h e  l o n g  t e r m  e f f e c t s  o f  such  s t o r m s  may b e  t o  i n c r e a s e  weather ing ,  
a c c e l e r a t e  g e o l o g i c a l  c y c l e s  and p u l s e  n a t u r a l  ecosys tems.  
Except  under  t h e  c l o u d  cover  o f  t h e  summits,  t r o p i c a l  s o l a r  
i n p u t  i s  r e l a t i v e l y  h i g h  i n  Dominica by wor ld  s t a n d a r d s .  The 
t r a d e  winds from t h e  e a s t  and s o u t h - e a s t  w i t h  a  l o n g ,  u n i n t e r -  
r u p t e d  l e n g t h  o f  f e t c h  o v e r  t h e  A t l a n t i c  Ocean, d r i v e  waves o n t o  
Dominica 's  e a s t e r n  s h o r e .  The rocky s h o r e s  o f  Dominica r e f l e c t  
a  s i z a b l e  p o r t i o n  o f  t h e  wave energy  back i n t o  t h e  s e a .  The 

trade winds also bring moisture which condenses into rain at the 
cooler elevations and further moderates the climate by dispersing 
heat. The steepness of Dominica's marine slopes allows little 
area on its oceanic shelves for the work of t'idal energies. 
Persistent hot springs from volcanic activity might support 
geothermal power generation. 
Human Processes in Dominica 
Human activity within the system of Dominica centers on 
agriculture, primarily banana and coconut plantations and crop- 
ping and modest development of light industry, such as processing 
oils and juice manufacture. More than 75% of Dominica's 100,000 
agricultural acres consists of low-energy farms less than 10 acres 
in size. Fishing exists on a small scale, but is important as a 
local source of protein. Requirements for domestic power and 
light industry have been supplied by small-scale hydroelectric 
power generation facilities. 
A small tourist trade is an important source of foreign 
exchange. The ruggedness of the terrain has made development of 
tourism infrastructure (airport, roads and protected harbor) 
quite difficult to establish and maintain. The lack of transpor- 
tation facilities and sunny sites for hotels has certainly kept 
the flow of visitors to a low level. The airport is on the side 
of the mountains opposite from the main town and the sunnier 
beaches. The exceptional resource of beautiful, virgin rain 
forest has not yet caught the imagination of the international 
tourist as much as sunny beaches on other islands with less rain. 
Dominica's interaction with the world is limited. The 
oscillating development of boom-and-bust, one crop agricultures 
with fluctuating prices, over the decades has never established 
long lasting trade relations in any one area. 
In this chapter, overview perspectives are generated by 
energy analysis of main environmental and economic flows of the 
island system. The procedures and methods outlined in Sections 
1-5 were used. 
Results 
The complex energy relationships in the system of Dominica 
are shown in Figure 9.2, an energy diagram including significant 
outside energy sources, storages and energy uses In the land and 
industries and the predominantly human systems of Dominica. Energy 
flows are listed in Table 9.1, and energy storages are listed in 
Table 9.2. 
In Table 9.1, tropical solar direct radiation is high by 
world standards, but is dwarfed by the more indirect solar equiv- 
alents in inputs of rain and waves. In particular, the chemical 
potential of pure rain water was approximately 31 tines the 
embodied energy of direzt sunlight. 
The energy flow of rock uplift was of similar magnitude 
owing to the high degree of geological activity in this orographic 
region. The entire arc of the Lesser Antilles archipelago over- 
lies the subauction zone where the Atlantic Plate aives westward 
unaer the Carribean basln. 
Since rainwater's purity is the largest of the inputs from 
the solar driven biosphere, it was used to represent natural flows. 
It includes all other environmental flows,which are by-products. 
Much of the geopotential energy of rain runs off in streams 
concentrated further by the island mountain topography. 
Table 9.2. lists the important energy storages of Dominica. 
Table 9.1. Energy flows in Dominica in 1979. 
E n e r g y  
A c t u a l  T r a n s .  
F o o t -  E n e r g y  R a t i o  
n o t e  T y p e s  o f  E n e r g y  J / Y  S E J / J  
Embodied 




D i r e c t  S u n l i g h t  5 . 6 5  E l 8  - 
Wind 1 . 3 3  E l 6  
Rain-chem.  p o t .  1 . 1 3  E l 6  
R a i n - g e o p o t e n t i a l  8 . 3 3  E l 5  
Waves 1 . 8 2  E l 5  
E a r t h  C y c l e  3 . 7 5  E l 5  
B a n a n a s  4 . 2 5  E l 3  
c o c o n u t s  & products  1 . 3 4  E l 4  
F r u i t s  & V e g - J u i c e  - 
I n t e r n a l  u s e  o f  
r a i n f o r e s t  - 
I m p o r t e d  s e r v i c e s  ( 3 9 . 6  E6 US$) 
F u e l s  i m p o r t e d  
L i q u i d  m o t o r  f u e l s  2 . 5 2  E l 4  
E l e c t r i c i t y  5 . 4 2  E l 0  
T o u r i s m  ( 3 . 1 6  E6 US$) - 
S i n g l e  H u r r i c a n e  2 . 2 8  E l 5  
H u r r i c a n e s  2 . 2 8  E l 4  
O t h e r s  - 
 i ides and f e r t i l i z e r  use were c a l c u l a t e d  and found n e g l i g i b l e  compared t o  
o t h e r  idems. Prel iminary c a l c u l a t i o n s  showed t h e  embodied energy of imported 
goods was l e s s  than 9% of imported se rv i ces .  
Footnotes for Table 9.1. 
1. Direct sunlight 
2 2 Sunlight: 1.8 E6 kcal/m /y (Sellers, 1965) = 7.53 E9 ~ / m  /y. 
Dominica's area: 289.5 miles square (World Bank 1981) 
= 7.5 E8 m2. Continental shelf: marine slopes descend so 
steeply that very little shelf area exists. Marine maps 
showed-600 foot depths routinely within 400 yards of shore. 
(Total area)(Average insolation) 
(7.5 E8 m2) (7.53 E9 ~ / m ~ / ~ )  = 5.65 El 8 J/y 
2. Wind 
3 2 Eddy diffusion: 4.5 m /m /sec; vertical gradient: 
3.2 E-3 m/s/m (Newell 1972). 
3. Rain - Chemical potential 
Precipitation: 3050 mm/y (United Nations 1975). 
(area) (average rainfall) (Gibbs free energy) (conversion factor) 
4. Rain - Geopotential 
Average elevation: 609 m (derived from averaging the 
elevational areas of a topographical map of ~ominica) 
Runoff: 1.86 m (since the average evapotranspiration figure 
for Puerto Rican rainforest is 39% (Odum and Pigeon 1970), 
then the runoff is 61% or (0.61)(3.05 m/y) = 1.86 m/y. 
(area) (ave.elevation) (runoff) (density of water) (gravity) 
5. Waves 
Wave velocity derived by multiplying (gravity)(depth at 
measurement 2oint) and taking the square root of the product: 
(9.8 m/s2) (4 m) = sq. rt. (39.2 m2/s2) = 6.26 m/s. Wave 
height: 4 feet = 1.22 m (Table 19 of Synoptic Meteorological 
Observations, U.S. Naval Weather Service Command Straight 
shoreline length: 4.84 E4 m, taken from a line drawn on a 
map of Dominica perpendiculhr to prevailing trade winds which 
F o o t n o t e s  f o r  T a b l e  9 . 1 .  c o n t i n u e d  
g e n e r a t e  w a v e s .  
( s t r a i g h t  s h o r e l i n e  l e n g t h )  ( l / 8 )  ( d e n s i t y )  ( g r a v i t y )  ( h t )  2  
( v e l o c i t y )  
4 . 8 4  E4 m) ( 1 / 8 )  ( 1 . 0 2 5  E3  g/m2) ( 9 . 8  m / s 2 )  ( 1 . 2 2  m 1 2 ( 6 . 2 6  m / s )  
6 .  E a r t h  c y c l e  
( h e a t  f l o w  i n  a n  a c t i v e  o r o g r a p h i c  area) (a rea )  
= ( 5  E6 ~ / m ~ / ~ )  ( 7 . 5  E8 m2) = 3 . 7 5  E9 J / y  
7 , 8 .  B a n a n a s ,  c o c o n u t s ,  c o c o n u t  o i l  a n d  d e r i v a t i v e  p r o d u c t s .  
S e e  s u b s y s t e m s  a n a l y s i s ,  T a b l e s  9 . 5 .  a n d  9 . 6 . ,  F i g u r e s  9 . 4 .  
a n d  9 . 5 .  
9 .  F r u i t s ,  v e g e t a b l e s  and j u i c e s  
T o t a l  a c r e a g e  f o r  f r u i t  a n d  v e g e t a b l e  c u l t i v a t i o n :  3 , 4 0 0  
acres ( U n i t e d N a t i o n s  1 9 7 5 ) .  N a t u r a l  e n e r g y / a c r e :  9 . 4 4  
E l 4  S E J / a c r e  ( F o o t n o t e  3 ,  T a b l e  9 . 1 . ) ;  
F o s s i l  f u e l / h e c t a r e :  4 . 9 7  GJ/ha ( S l e s s e r  1 9 7 8 ,  T a b l e  8 . 1 )  
( 3 4 0 0  acres) ( 9 . 4 4  E l 4  S ~ J / a c r e / y )  = 3 . 2  E l 8  S E J / y  
( 1 , 3 7 6 . 5  h a )  ( 4 . 9 7  G J / h a )  ( 6 . 6  E4 S E J / J )  = 4 . 5 2  E l 7  S E J / y  
T o t a l  e m b o d i e d  e n e r g y  = 6 . 3 6  E l 8  ~ / y  
1 0 .  I n t e r n a l  u s e  of r a i n f o r e s t  
S e e  F o o t n o t e  3 ,   able 9 . 3 .  
1 1 .  I m p o r t e d  S e r v i c e s  
T o t a l  i m p o r t  d o l l a r s  i n  1 9 7 9 :  3 9 . 4  $ E6 US$ (World Bank 
1 9 8 1 a ) .  
Footnotes for Table 9.1. continued 
12. Fuels imported 
Total volumes of gasoline, kerosene, diesel and fuel oils 
imported in 1979 are 1,197 E3 gal., 61 E3 gal., 432 E3 gal. 
and 79 E3 gallons respectively. (World Bank 1981). Actual 
calorie conversion factors, from (Odum et al. 1983) are 
36,225 kcal/gal., 34,030 kcal/gal., 34,030 kcal/gal. and 
37,431 kcal/gal. 
Actual energy calculations: 
gasoline (1,197 E3 ga1)(36,225 kcal/gal) = 4.34 El0 kcal 
kerosene (61 E3 gal) (34,030 kcal/gal) = 2.09 E9 kcal 
diesel (432 E3 gal) (34,030 kcal/gal) = 1.47 El0 kcal 
fuel oils (79 E3 gal) (37,431 kcal/gal) = 2.99 E9 kcal 
Total actual energies: 
liquid motor oils = 6.02 El0 kcal) (4186 ~/kcal) = 2.52 ~ 1 4 ~ / y  
fuel oils = 2.99 E9 kca1)(4186 ~/kcal) = 1.25 E13J/y 
13. Electricity 
Average electricity generation from 1978 to 1979: 
15,048 KWH (World Bank 1981) 
14. Tourism 
Total tourism income: 3.18 E6 US $/y (World Bank 1981aj 
Energy/$ ratio from the U.S.A. representing tourist origins. 
15. Hurricane 
2 Energy per hurricane, 4.85 E5 kcal/m /day (Hughes 1952). 
3% kinetic energy; 10% energy dispersed to the surface, 
see Appendix Al4. Passage time, 0.5 days. 
(Energy per unit area) (hours exposed) (area) 
2 (4.85 E5 kcal/m day) (0.03) (0.10) (0.5 day) (7.5 E8 m2) 
(4186 J/kcal) = 2.28 El5 J/hurricane passage 
16. Hurricane per year 
Values taken from footnote 15 divided by the interval 
between hurricanes, 10 years. 
Footnotes for Table 9.1. continued 
(2.28 El5 J/hurricane)= 2-28 El4 J / ~  
(10 years) 
Table 9.2.. Embodied energy in storages in Dominica in 1979. 
A c  t u a  1 Energy 
Foot- energy t r a n s  f ormation 
note  Type of energy J r a t i o  SEJ/J 
Embodied 
s o  1 a r  
energy 
El9  SEJ 
1 Old r a i n f o r e s t  9.83 El6 3.49 E4 
2 Secondary f o r e s t  5.23 El5 1 .9  E4 
3 Cropland 3.49 El6 1 . 9  E4 
4 S o i l  3.4 El7 6.26 E4 
5 Limes tone  6.9 El4 2.29 E8 
Footnotes to Table 9.2. 
1. Old tropical rainforest 
Area, rainforest reserve plus national parks: 43,000 acres 
= 1.74 E8 m2 (United Nations 1975). Organic matter density: 
332 T/ha, living biomass in vegetation, plus 7.6 T/ha, litter 
(Brown and Lugo, Biotropica, Vol. 14, No. 3, p. 172). Forest 
organic matter combustion value: 4.1 kcal/g (Odum et al. 
1983, p. E10). 
2. Secondary forest 
Storages of organic matter (above and below ground biomass 
plus litter) not including soil. Area of secondary forest 
(regrowth of cut rainforest) : 33,700 acres = 1 .36 E8 m2 
(United Nations 1975, p. 36). Dominica's secondary forest 
assumed to be quite similar to a Cadam tree plantation in 
Puerto Rico (Odum and Pigeon 1970). Density and organic 
matter storage calculations were taken from the aforesaid 
plantation data as follows: 
Ten tree crown diameters were averaged and the resultant 
average was halved to obtain the average radius. Multipli- 
cation by pi gave the average circular area under a tree 
F o o t n o t e s  f o r  Tab le  9 .2 .  c o n t i n u e d  
crown. Organic  m a t t e r  s t o r e d  p e r  t ree :  30,718 g  (Odum and 
Pigeon 1 9 7 0 ) .  
Average d i a m e t e r  = 13.9 f t  = 4.24 m; a v e r a g e  r a d i u s ,  
2  T r e e  crown a r e a  = (2.12 m )  (3.1416) = 1 4 . 1  m 2  
Organic  m a t t e r  s t o r e d  i n  secondary  f o r e s t  
2  2  (30,718 g  d r y  w e i g h t / l 4 . 1  m ) (4 .2  k c a l / g ) ( 1 . 3 6  E8 m ) 
3. Cropland 
T r e e  c r o p  a r e a s ,  i n c l u d i n g  u n c u l t i v a t e d  a r e a s  and p o c k e t s  
on s t e e p  s l o p e s :  26,000 a c r e s  and 62,180 a c r e s  r e s p e c t i v e l y  
(Uni ted  Na t ions  1975, p.  4 5 ) .  Assuming t h a t  t h e  u n c u l t i v a t e d  
c r o p  a r e a  h a s  a  biomass approx imate ly  h a l f  way between t h e  
mean and h i g h e s t  v a l u e  of c u l t i v a t e d  l a n d ,  7000 g/m2 
(Whi t t ake r  1975) and t h a t  c u l t i v a t e d  t ree c r o p  l a n d  h a s  
a  biomass v a l u e  a t  t h e  bot tom of t h e  same-range, 2178.6 g/m . 
Actua l  energy c a l c u l a t i o n s  f o r  b o t h  t y p e s  a r e :  
U n c u l t i v a t e d  c r o p  a r e a :  
2  2 (62180 a c r e s )  (4046.8 m / a c r e )  (7000 g/m ) (4 .2  k c a l / g )  
C u l t i v a t e d  t ree c r o p  a r e a :  
(26,000 a c r e s )  (4046.8 m2/acre)  (2179 g / m 2 )  (4 .2  k c a l / g )  
T o t a l  a c t u a l  ene rgy  f o r  b o t h  t y p e s :  = 3.49 El6  J 
High q u a l i t y  o r g a n i c  s o i l s  a r e  c o n f i n e d  t o  t h e  v i r G i n  f o r e s t ,  
see Footnote  1 , Table  9 . 2 .  f o r  a r e a :  1 .74 E8 m 2 .  Red-yellow 
c l a y  loam was used a s  a  r e p r e s e n t a t i v e  s o i l  because  i t ' s  t h e  
c l o s e s t  approximat ion  of L e s s e r  A n t i l l e s  s o i l  t y p e s  (Mason 
1922; S h i l l i n g f o r d  1 9 7 2 ) .  S o i l  o r g a n i c  m a t t e r :  350 T/y 
(Brown and Lugo, B i o t r o p i c a ,  Vol.  1 4 ,  No. 8 )  
Footnotes for Table 9.2. continued 
5. Limestone in old reefs and sea deposits (chemical potential) 
Total volume of deposit: 5.0 E6 yd3 = 3.82 E6 m3 (United 
Nations 1975, p. 83). Actual energy per weight: - 611 J/g 
(See Table 2.1.). Density: 1.9 E6 g/m3. 
(volume) (Density) (Actual energy/weight) 
Limestone deposits represent many years of marine reef 
activity storing calcium carbonate. Energy storages involved 
in human activity such as secondary forest and cropland, are 
almost insignificant compared to natural storages, being several 
orders of magnitude smaller than those of soils or rainforests. 
The increasing size and importance of storages as a function 
of the time required for building them is evident in Table 9.2. 
Human dominated subsystems, such as cropland or secondary forest, 
store far less energy than the rainforest since the latter has 
taken at least 500 to 1,000 years to build its structure of 
energy dense trees and soils. Biomass found in secondary forest 
has not concentrated much energy or grain structure in 10 to 30 
years to have much value for combustion or furniture. 
Aggregated  o v e r v i e w  
Further aggregating, Table 9.3. summarizes the flows that 
drive the economy directly and indirectly. These flows are also 
drawn in Figure 9.2. The main sources of work to the island's 
economy directly and indirectly are: water, imported fuels, 
imported goods and services and the drain of stored biomass in 
rainforests and soils. 
T a b l e  9 .3 .  Summary f l o w s  f o r  Dominica i n  F i g u r e  9 . 3 .  
Embodied 
Le t t e r  i n  s o l a r  energy Dollars  
Figure Item El9 SEJ/Y E6 $/Y 
Renewable sources used, SEJ/yr 
( r a i n ,  chem. 
Nonrenewable sources flow within the  
country (SEJ/yr) : 
- N dispersed  r u r a l  source ( S E J / ~ ~ )  
0 
- N concentrated use ( s E J / ~ ~ )  1 
- N exported without use 2 
Imported minerals  and f u e l s  (SEJ/yr) 
Imported goods (SEJ/yr) 
Imported se rv ice  (SEJ/yr) 
Dollars  pa id  f o r  imports ($ /yr)  
Dollars  pa id  f o r  exports  ($ /yr)  
Exported se rv ices  (SEJ/yr) 
Exported products ,  transformed 
within the  country (SEJ/yr) 
Gross National Product ($/yr)  
Ratio embodied energy t o  d o l l a r  of 
of imports (sEJ/$) (US) 
Ratio embodied energy t o  d o l l a r  of 
country and f o r  i t s  exports  (sEJ/$) 
F o o t n o t e s  f o r  T a b l e  9 .3 .  
R Chemical  p o t e n t i a l  e n e r g y  o f  r a i n  i s  t h e  l a r g e s t  r e n e w a b l e  
e n e r g y  s o u r c e  ( F o o t n o t e  3 ,  T a b l e  9 . 1 ) :  1 .75 E20 S E J / ~ .  
N R e d u c t i o n  o f  v i r g i n  f o r e s t  i n  Dominica f rom 6 7 %  t o  38% 
O i n  20 y e a r s  ( U n i t e d  N a t i o n s  1975)  c o r r e s p o n d s  t o  a 
1.5% l o s s / y .  S i n c e  r e g r o w t h  o f  s u c h  h i g h  q u a l i t y  wood 
and  s o i l  b iomass  r e q u i r e s  more t h a n  150 y e a r s ,  t h e y  a r e  
nonrenewable  r e s o u r c e s  w i t h i n  t h e  t i m e  f r ame  of  t h e  p r e s e n t  
economy. 
Footnotes f o r  Table 9.3. cont inued 
Rural  use  of nonrenewable wood and s o i l ,  c a l c u l a t i o n s :  
(annual  use  % ) ( t o t a l  embodied energy of v i r g i n  r a i n  f o r e s t )  
(0.015) (343 El9 S E J )  = 5.15 El9 SEJ/y 
(annual  use  % )  ( t o t a l  embodied energy of v i r g i n  r a i n f o r e s t  s o i l s )  
(0.015/y) ( 2 1 2 9  El9 S E J )  = 3.19 E20 SEJ/y 
T o t a l  use  of indigenous nonrenewable energy sources  
= 3.71 E20 SEJ/y 
N1 There was l i t t l e  concent ra ted  energy use .  
N2 Only 2 %  of t h e  e s t ima ted  251 E6 board f e e t  of v i r g i n  t imber  has  been exported a s  lumber (United Nat ions ,  1975) ,  and t h e  
o p e r a t i o n s  a s  of 1979 were n e g l i g i b l e .  Limestone d e p o s i t s  
of 5  E 6  cub ic  ya rds  were s i m i l a r l y  unexplo i ted .  Therefore ,  
N 2 ,  nonrenewable r e sou rce  e x p o r t s  wi thout  i n t e r n a l  u se ,  
were n e g l i g i b l e .  
F Tota l  imported f u e l  embodied e n e r g i e s  (Footnote  1 2 ,  
Table 9 . 1 ) :  1.66 El9 SEJ/y. 
G Imported goods, according t o  p re l imina ry  c a l c u l a t i o n s  were 
only  8 .5% of t h e  embodied energy of imported s e r v i c e s  and 
t h u s  were n e g l i g i b l e .  
P2E Imported s e r v i c e s :  9 . 1  El9 SEJ/y (Footnote  1 1 ,  Table 9 . 1 ) .  
I Dol l a r s  f o r  imports :  34.6 E6 US$ (World Bank 1981a ) .  
E D o l l a r s  from e x p o r t s :  9 . 4  E6 US$ (World Bank 1981a ) .  
P1 E Exported s e r v i e s  ( P I E )  : 
( 4 . 2 0  E12 S E J / U S  $ )  ( 9 . 4  E6 US$) = 3.95 El9 SEJ/y 
B Exported produc ts :  9 . 1 4  El9 SEJ/y ( s e e  Footnotes 7-9, 
Table 9 . 1  ) . 
Footnotes for Table 9.3. continued 
X Gross ~ational Product (X): 75.4 E6 US$. This is the sum 
of the gross domestic product (GDP): 45.4 E6 US$ (United 
Nations 1975) plus export: 9.4 E6 US$ (World Bank 1981) 
plus foreign aid: 12.6 E6 US$ (World Bank 1981, p. 157) 
plus financing: 7.9 E6 US$ (World Bank 1981, p. 11). 
P2 Ratio of the United States annual embodied energy flow to import dollars (P,): 2.37 El2 SEJ/US$/y. 
L 
P1 Ratio of Dominica's embodied energy flow to dollars of GNP: 
PI = Energy used/GNP = R + N o + N 1  + F + G + P 2 1  
- 
75.4 E6 US dollars 
Energy-Dollar ratio 
The total energy used (Figure 9.3) was divided by the gross 
national product (GNP) in US dollars to obtain an energy/dollar 
ratio (PI) .
The Gross National Product (GNP) was estimated as the sum of 
the Gross Domestic Product (GDP) plus the money flows of exports, 
investments and foreign aid. The latter, foreign aid, was 
notably higher than normal in 1979 owing to special disaster 
relief for hurricane damage. Dominica's energy/dollar ratio is 
almost four times that of the U.S.A. Use of embodied energy 
storages of rainforest and soil was the large energy value 
generated by the work of subsistence farmers which was not recog- 
nized by dollar circulation figures. 
Renewable 
resources 
u.66 minerals >3 
l ndigenous 
- 75.4 E6 $/y 
Services 0 
Markets 
Figure 9.3. Summary diagram of the embodied energy 
flows of Dominica. An evaluation table 
is given as Table 9.3. Indices from 
these values are calculated in Table 9.4. 
Energy E v a l u a t i o n  o f  t h e  Trade Balance 
International trade is included in Figure 9.2 and flows 
were evaluated in Figure 9.3. Export flow was mainly the sum 
of embodied energies in the two exporting subsystems, bananas 
and coconuts, plus those of fruits, vegetables and juices. The 
embodied energy of the import services was calculated based 
on an energy/dollar ratio (P2) estimated for the various nations 
exporting to Dominica. The embodied energy of imported goods 
was found'!in preliminary analysis to be an insignificant fraction 
of imported services. 
The balance of money payments showed a four-fold higher 
outflow than inflow. The difference is composed of investments, 
foreign aid and loans. However, the balance of embodied energy 
flows showed 1 - 5  times greater inflow than outflow. 
N a t i o n a l  Overview R a t i o s  
Table 9.4 lists various ratios calculated from data in 
Table 9.3 and Figure 9.3. These include ratios of outside to 
indigenous sources, export/import energies, fuel use/environmental 
energies, energy/person, energy/area and carrying capacities for 
the whole island. These ratios are useful both for predictions 
and international comparisons. 
Subsystems 
Two subsystems were analyzed as they were the most signifi- 
cant embodied energy exports from Dominica: 1 )  bananas, 
2) coconuts and derivative products, copra, coconut oil and soap. 
Table 9 . 4 .  Indices using embodied energy f o r  overview of Dominica. 
Item Name of index and expression, see Figure 9.3 
Renewable embodied 
energy flow 
  low from indigenous non- 
renewable reserves 
Flow of imported 
embodied energy 
Total embodied 
energy in£ lows 
Total embodied 
energy used, U 
Total exported 
embodied energy 
Fraction of embodied 
energy used derived 
from home sources 
Exports minus imports 
Ratio of exports to imports 
Fraction used, locally 
renewable 
Fraction of use purchased 
Fraction used that is 
imported service 
Fraction of use 
that is free 
Ratio of concentrated 
to rural 
Use per unit area 
(7.5 E8 m2) 8.75 Ell SEJ/m 
2 U/ (area) 
Use per capita 
(80,000 population) U/ (population) 
Renewable carrying capacity 
at present living standard (R/U) (population) 21,600 people 
Developed carrying capacity 
at same living standard 
8 (R/u) (population) 172,800 people 
Ratio of use to GNP 
(energy-dollar ratio) 
Bananas 
A subsystem diagram f o r  bananas i s  g i v e n  a s  F i g u r e  9.4 
and e v a l u a t i o n s  a r e  i n  Table  9.5 f o r  t h o s e  bananas expor ted .  
Bananas have dominated bo th  a g r i c u l t u r a l  l a n d  u s e  and 
a g r i c u l t u r a l  e x p o r t  r evenues  f o r  decades  i n  Dominica. The 
a p p a r e n t  sm a l l  s c a l e ,  low energy p roduc t i on  sys tem has  r e q u i r e d  
minor f o s s i l  f u e l  i n p u t s  when compared t o  s e r v i c e  and t h e  
n a t u r a l  i n p u t  of r a i n .  However, s u b s i s t e n c e  farming consumes a  
l a r g e  amount of  embodied energy i n  t h e  form of  r a i n  f o r e s t  and 
s o i l  biomass. Comparison of t o t a l  embodied energy t o  t o t a l  
a c t u a l  energy y i e l d e d  an energy t r a n s f o r m a t i o n  r a t i o  of  
5 .3  E5 SEJ/J. The embodied energy of expo r t ed  bananas was 
2 . 2  El9 S E J / ~  o r  24.7% of a g r i c u l t u r a l  e x p o r t s .  
Coconuts  and d e r i v a t i v e  p r o d u c t s  
A subsystem diagram f o r  coconut  a g r i c u l t u r e  and cop ra  
p r o c e s s i n g  i s  g i v en  i n  F i g u r e  9.5 and t h e  e v a l u a t i o n s  a r e  i n  
Tab le  9.6. 
Land use  f o r  c o c o n u t a g r i c u l t u r e  has  been a  f r a c t i o n ,  abou t  
a  t h i r d ,  o f  t h a t  f o r  bananas .  However, t h e  inves tment  i n  copra  
p r o c e s s i n g  f a c i l i t i e s  and t h e  annual  u se  of  l a r g e  amounts of  
f o s s i l  f u e l  r e l a t i v e  t o  o t h e r  a g r i c u l t u r a l  p r o d u c t s  makes 
coconut  o i l  and p r o d u c t s  t h e  h i g h e s t  embodied energy e x p o r t .  
The l a r g e  i n c r e a s e s  i n  embodied energy i n c u r r e d  w i t h  a d d i t i o n a l  
f o s s i l  f u e l  i n p u t ,  a r e  e v i d e n t  i n  F i g u r e  9 .5 .  The d i f f e r e n c e s  
i n  t h e  embodied e n e r g i e s  between coconu t s ,  coconut  o i l s  and 
d e r i v a t i v e  soaps  a r e  t e n  and t h i r t y - f o l d  r e s p e c t i v e l y .  The 
Fi gu r e  9 . 4 .  Energy f lows i n  low energy banana p l a n t i n g s  
of Dominica. 
Table 9.5. Evaluation of banana agro-ecosystem of Dominica. 
Foot- 
n o t e  I tem 




s o l a r  energy  
E l 8  SEJ/y 
1 Rain t r a n s p i r e d  1 .20 E l4  1 .54 E4 1 .85  
2 S o i l  and wood used 2.72 E l 4  3.49 E4 9.49 
3 Goods, food - - 0.74 
4 S e r v i c e ,  3.66 E6 US$ - 2.37 E12/$ 8 .69 
5 F u e l  used 2.53 E l 3  6.6 E4 1 .55 
6 Exported bananas  4.25 E l 3  5.25 E5 22.3 
Footnotes for Table 9.5 
Low energy banana agro-ecosystems in Dominica 
Since farms greater than 5 acres in size occupy 60% of all 
farm agreage, and total banana acreage was a dispersed 39,000 
acres in 1970 (Marie 1979), then subsistence farms are taken 
to be 15,600 acres (40% of the total). A 3 year cultivation 
rotation implies that 1/3 of this acreage is in use at any time, 
so (0.3)(15,600) = 5140 acres = 2.13 E3 hectares. 
1. Solar equivalents of transpired rain 
(rain transpired per area) (area) (Gibbs free energy per 
weight) 
2 (3.05 m rain) (0.39 transpired) (51 40 acres) (4.05 E3 m /A) 
2. Soil and wood use 
Grams/square meter calculations are taken from Footnote 2, 
Table 9.2. A three ear crop rotation means that in effect S 1/3 of the 2,176 g/m , or 762.2 g/m2, is consumed each year. 
Forest organic matter combustion value: 4.2 kcal/g (Odum 
et al.. 1983) . 
(2.13 E3 ha) (762.2 g/m2) (1 E4 m2/ha) (4.2 kcal/g) 
Footnotes for Table 9.5. continued 
3. Goods, food 
Portions of national imports estimated from the proportion 
that banana sales is of total national sales (40% of 
national sales, so 0.4 x 9.2 E6 US $ = 3.6 E6 US $ ) .  
4. Services from sales 
As indicated in Figure 9.3, money received for banana 
export may be used to evaluate the services external to 
the banana system. In 1978 37,016 t at 247.6 $US/t 
5. Fuels used 
Fuel proportion that banana sales are of total sales 
6. Bananas exported 
37,016 t in 1978 (World Bank 1981). Since subsistence 
farms occupy 40% of all farms, then 14,806 metric tons 
exported originated from subsistence farms. Fresh bananas 
with 1.040 kca./g in flesh; flesh is 2/3 of total banana 
(Liu, 1980) - 
(weight of bananas)(energy content) 
(1.48 E4 t/y) (1 E6 g/t) (1.04 kcal/g) (0.66) (4186 J/kcal) 
= 4.25 El3 J/y exported from banana plantings 
Total embodied energy sum of inputs (Figure 9.3) 

T a b l e  9 . 6 .  F l o w s  f o r  e v a l u a t i n g  t h e  e m b o d i e d  e n e r g y  o f  
c o c o n u t s  a n d  d e - r i v a t i v e  p r o d u c t s .  
Energy 
Energy s o l a r  
Actual  t ransforma.  energy 
Foot- energy r a t i o  SEJ/J El8 
no t e  Item J/Y o r  SEJ/$ SEJ/Y 
1 Natura l  energy 1.57 E4 1.54 E4 2.4 
2 Labor handl ing 
coconuts , 
2.0 E6 US$ 
3 Labor f o r  copra 
- 
1.0 E5 US$ 
4 Labor handl ing o i l  
- 
9.12 E5 US$ 
5 Fuel  f o r  o i l  1.15 El3  
dehydrat ion 
6 Labor f o r  making 
- 
soap, 1 .73 E6 US$ 
7 Fuel  f o r  soap 
p roces s  
8 Coconut products  
coconuts 
copra 
o i  1 
soap 
F o o t n o t e s  f o r  T a b l e  9 . 6 .  
1 .  S o l a r  e q u i v a l e n t s  o f  t r a n s p i r e d  r a i n  
2  ( 3 . 0  m e t e r s  r a i n )  ( 0 . 3 9  t r a n s p i r e d )  ( 6 ,  7 2 5  acres)  ( 4 . 0 5  E3 m /A)  
3  ( 4 . 9 4  J / g )  ( 1  E6 g/m ) = 1 . 5 7  ~ 1 4  J / y
2 .  L a b o r  o f  h a r v e s t i n g  a n d  h a n d l i n g  c o c o n u t s  
P r o d u c t i o n  c o s t / a c r e :  1 8 7 . 8 9  EC$ = 6 9 . 5 9  US$ (J.  Marie 1 9 7 9 ) .  
Y i e l d / a c r e :  1 . 3  m e t r i c  t o n s  ( U n i t e d  N a t i o n s  1 9 7 5 )  ; 1 9 7 9  
c o c o n u t  e x p o r t :  7 0 3  m e t r i c  t o n s  ( W o r l d  Bank 1 9 8 a ) .  
Tota l  a c r e a g e  = 7 0 3  m e t r i c  t o n s / l . 3  m . t . / a c r e  = 537 acres.  
( 6 9 . 5 9  U S $ / a c r e )  ( 5 3 7  acres) = 3 . 7  E5 US$. 
3 .  C o p r a  e x p o r t  r e v e n u e :  1 . 0 5  E5 US$. 
W o r l d  Bank ( 1 9 8 1 a )  (see T a b l e  3 . 2 )  . 
Footnotes for Table 9.6 continued 
4. Labor of handling oil 
1979 coconut oil production (World Bank 1981) = 396 E3 gal. 
= 1663 E3 liters x (0.8679 g/l) = 3.62 E3 m.t. 
Total US purchases of coconut oil in 1979 divided into 
total price paid, yield a figure of 251.80 US$/metric ton. 
Dominica's energy/dollar ratio: 1.6 El3 SEJ/US$ (Table 9.3). 
(3.62 ~3 metric tons oil).(uS $251.80/m.t.) = 9.12 E5 US$ 
5. Fossil fuel dehydrating coconut oil 
Coconut oil is made more saleable by driving off any remaining 
water by raising the oil temperature to 1 1 0 ~ ~  for several 
hours. 0.540 kcal/g is the dehydration energy of water 
molecules not chemically bonded (bonds of hydration) to the 
molecules of oil. A multiplication factor of 1.4 was used 
to account for the sixty percent reduction during the 
dehydration process. 
Process heat energies 
6. Labor for production of soap 
The World Bank (1981) in Table 3.2, p. 143 lists 
toilet and laundry soap export as 2,182 metric tons at a 
price of US$ 794.7/m.t. for a total of US$ 1,734,035 in 
export revenue. 
7. Fuel for soap processing 
Fuel use for soap processing on Dominica assumed to be similar 
to US production of soap is (30.1 kg/person)(230 E6 people) 
= 6.92 E9 kg and requires 2.95 Ell kcal. Fossil fuel use 
per, kg = (2.95 Ell kca1)/(6.92 E9 kg) = 42.6 kcal/kg. 
8. Coconuts and derivative products exported 
Coconuts 
1979 coconut export weight: 703 T (World Bank 1981, p. 143) 
Coconut production in 1979: 11,721 (World Bank 1981, p. 174). 
Coconut composition: 28% meat, 72% fiber (~ncyclopedia 
Brittanica 1974, p.472). 
F o o t n o t e s  f o r  T a b l e  9 . 6  c o n t i n u e d  
A c t u a l  e n e r g y  c a l c u l a t i o n s :  
F i b e r  - ( 0 . 7 2 )  ( 1 1 , 7 2 1  T )  ( 1  E6 g /T )  ( 4  k c a l / g )  ( 4 1 8 6  J / k c a l )  
Meat - ( 0 . 2 8 )  ( 1 1 , 7 2 1  T )  ( 0 . 5  w a t e r )  ( 1 .  E6 g / T )  ( 4 . 9 4  J /G)  
( 3 . 2 8 )  ( 1 1 , 7 2 1  T )  ( 0 . 3  o i l )  ( 1  E6 g / T )  ( 8 . 8 1 6  k c a l / g )  ( 4 1 8 6  J / k c a l )  
L a b o r  e m b o d i e d  e n e r g y :  3 . 3  E l 8  S E J / y  ( F o o t n o t e  2 ,  T a b l e  9 . 6 ) .  
N a t u r a l  embodied e n e r g y :  
T o t a l  e m b o d i e d  e n e r g y  i n  c o c o n u t s :  3 . 4  E l 8  S E J / y  
E n e r g y  t r a n s f o r m a t i o n  r a t i o  u s i n g  s o l a r  e q u i v a l e n t s  o f  
r a i n  a n d  labor  u s e d :  
C o p r a  
1 9 7 9  expor t :  5 7 4  T  f o r  0 . 1  E6 US $ ;  1 9 7 9  t o t a l  copra 
p r o d u c t i o n :  2 7 0 4  T  (World Bank  1 9 8 1 ,  p. 1 4 3 ,  1 7 5 ) .  A v e r a g e  
c o c o n u t  o u p u t s  w o r l d w i d e :  4 5 0 0  n u t s / a c r e ,  30  n u t s / l O  l b s .  
copra ( E n c y c l o p e d i a  B r i t t a n i c a  1 9 7 4 ,  p. 4 7 2 ) .  R a i n  a n d  
t r a n s p i r a t i o n  da ta  (see F o o t n o t e  3 ,  T a b l e  9 . 1 ) .  E m b o d i e d  
e n e r g y  c a l c u l a t i o n s :  
N a t u r a l  ( 2 7 0 4  T )  ( 1  E3  k g / T )  ( 2 . 2  l b s . / k g )  ( 3 0  n u t s / l O  l b s .  copra) 
( 1  a c r e / 4 5 0 0  n u t s )  ( 3  m  r a i n )  ( 0 . 3 9  t r a n s p i r e d )  
( 4 . 0 5  E 3  m 2 / a c r e )  ( 4 . 9 4  J /g )  ( 1  E 6  g/m3) ( 1 . 5 4  E4 S E J / J )  
L a b o r  ( 0 . 1  E 6 U S  $ ) ( 1 . 6  E l 3  SEJ/US $ 1  
T o t a l  e m b o d i e d  e n e r g y  o f  copra: = 3 . 0  E l 8  S E J / y  
E n e r g y  of f a t t y  ac ids  i n  c o c o n u t  o i l :  9 . 4  k c a l / g  ( M i t c h e l l  
1 9 7 9 ,  p. 8 1 ) .  
Footnotes for Table 9.6 continued 
Composition of copra: prepressed copra - water (5$), 
oil (70%), fiber (25$), post pressed copra - protein 
(21.3$), oil (7%), fiber (71.7%) (Encyclopedia ~rittanica 
1974). Actual energy of protein: 1520 kcal/kg (Mitchell 
1979). Actual energy of fiber: 4 kcal/g (Odum et al. 1983). 
Actual energy calculations: 
Protein (0.21)(2704 T)(1 E3 kg/T)(1520 kcal/kg)(4186 J/kcal) 
Oil (0.07) (2704 T) (1 E6 g/T) (9.4 kcal/g) (4186 J/kcal) 
Fiber (0.72) (2704 T) (1 E6 g/T) (4 kcal/g) (4186 J/kcal 
= 3.25 El? J 
Total actual energy of copra: = 4.35 El3 J 
Energy transformation ratio.using solar equivalents of rain 
and labor used: 
Coconut Oil 
Embodied energy of fuel used for oil processing: 7.6 El7 SEJ 
(see Footnote 5, Table 9.6). Embodied energy of labor: 
1.46 El9 SEJ/y (see Footnote 4, Table 9.6). Dividing total 
copra oil content (0.7 x 2704 T = 1893 T oil) into total 
embodied energy ofcopra/y yields 1.6 El5 SEJ/T oil. Multi- 
plying 800 T oil times the latter gives 1.28 El8 SEJ/y 
embodied energy of copra to oil industry. Total embodied 
energy : 
(7.6 El7 SEJ) + (1.46 El9 SEJ/~) + (1.28 ~ 1 8  SEJ/~) = 
Total actual energy: 
Energy transformation ratio using the embodied energies of 
labor, fuel and oil derived from copra: 
Footnotes f o r  Table 9.6.  continued 
Soap 
Embodied energy of f u e l  f o r  soap p roces s ing :  25.7 El8 SEJ/y 
( s e e  Footnote  7 ,  Table 9 . 6 ) .  Embodied energy of l a b o r  
f o r  soap process ing :  27.7 El8 SEJ/y (Footnote  6 ,  Table 9 . 6 ) .  
Embodied energy of coconut o i l :  1.0 El9 SEJ/y (percen tage  
of t o t a l  o i l  p roduc t ion  used f o r  soap manufac ture ) .  To ta l  
embodied energy of soaps:  
Actual  energy of l a u r i c  a c i d  (predominant c o n s t i t u e n t  of 
o i l s  used t o  make s o a p ) :  8.816 kca l /g  (Weast 1974) .  To ta l  
product ion of t o i l e t  and laundry soaps:  2398 T (World Bank 
1981, p. 1 7 5 ) .  Actual  energy c a l c u l a t i o n s :  
Energy t r ans fo rma t ion  r a t i o  us ing t h e  embodied e n e r g i e s  
of l a b o r ,  f u e l s  and coconut o i l :  
Coconuts and d e r i v a t e  products  ( c o n t ' d )  
energy t r ans fo rma t ion  r a t i o ,  2 . 4  E4 S E J / J ,  i s  4 %  of t h a t  of 
bananas,  which i n d i c a t e s  t h a t  banana c u l t i v a t i o n  uses  much 
more h igh . . qua l i t y  energy (biomass of r a i n f o r e s t  wood and s o i l s )  
than  coconut c u l t i v a t i o n .  The embodied energy of expor ted  
coconuts and d e r i v a t i v e  produc ts  was 7.5 El9 SEJ/y o r  68% of 
a g r i c u l t u r a l  imports .  
F r u i t s ,  Vege tabZes  and J u i c e s  
The acreage devoted to the cultivation of fruits and vegeta- 
bles compared to that for coconuts and bananas, was relatively 
minor. The embodied energy of fruit, vegetable and juice exports 
was 6.4 El8 SEJ/y or 7.0% of agricultural exports compared to 
69% and 24% for coconut products and bananas respectively. 
Discussion 
Main B a s i s  f o r  t h e  Economy 
The overview diagram in Figure 9.3 and the indices in Table 
9.4, provide an overview of the basis of the economy of Dominica 
in energy terms. The main basis of the economy is the indigenous 
use of environmental energies, particularly the stored energies 
of rainforest woods and soils. By contrast the purchased embodied 
energies of imports are only 10% of the entire ener.gy basis (item 
11, Table 9.4). 
The Monied Economy 
The circulation of money in gross national product (Figure 9. 
3; Table 9.3) was about 69.6 million dollars per year, of which 
39.6 million dollars per year was paid for imports (57%). Only 
9.4 million dollars was received for exports (14%), the rest of 
the income coming from loans, investments, foreign aid, etc. 
Dominica's trade balance might appear less dependent on 
foreign money sources in years other than 1979 when severe 
hurricane damange to export crops brought abnormal amounts of 
disaster relief and required special reinvestment in the capital 
assets of plantation and hotels and the power distribution network. 
Previous Emphasis on Bananas 
Part of the difficulty in developing the economy of Dominica 
arose when efforts to make the banana export industry were not 
very successful. Note the low energy bananas system in Figure 9.4 
compared to that of Taiwan (Pimentel 1978). Bananas are indus- 
trialized with more difficulty in Dominica's steep terrain, 
torrential rains, and poor transportation facilities as compared 
with economic competition from Ecuador and elsewhere. Earlier 
there were special trade prices with Great Britain and investment 
money went primarily into attempts to make the banana export 
industry competitive. 
From the Second World War until Britain's joining of the 
European Common Market Dominica's banana export was supported 
by lower tariffs into the U.K. Despite this protection, more 
efficient producers (such as Ecuador) managed to hold export 
prices to a level which left Dominica's producers with little 
profit, 3 cents per pound (J. Marie 1979). Joining the EEC 
in 1973 has forced the U.K. to dismantle the support structure 
and expose Dominica to open market pressures which may finally 
depress the banana industry to much lower levels. By 1980 banana 
output was at 70% of 1976 levels. 
Present Self-Sufficiency 
Since much of the economy is not accompanied by money, the 
evaluation based on energy provides a more favorable view of life 
in Dominica. On an energy basis 39% (Table 9.4, Item 7) of the 
economy is derived from home sources. The embodied energy of 
exports and imports is nearly balanced. 
However, much of t h e  environmental  energy b a s i s  i s  being used 
i n  a nonrenewable way because of l o s s  of s o i l s  and r a i n f o r e s t  
t r e e s  used f a s t e r  than  t h e i r  regrowth. Almost 4 0 %  of Dominica's 
high q u a l i t y  s t o r a g e s  i n  r a i n f o r e s t  and s o i l s  have been dra ined  
i n  t h e  l a s t  2 0  y e a r s  t o  main ta in  p r e s e n t  economic a c t i v i t y .  I t  
appears  t h a t  Dominica's energy b a s i s  f o r  s e l f - s u f f i c i e n c y  is  
d e c l i n i n g  and dependence on e x t e r n a l  sources  w i l l  i n c r e a s e  ever  
f a s t e r .  Exhaustion of n a t u r a l  s t o r a g e s  d e p l e t e  t h e  b a s i s  f o r  
f o r e i g n  investment and dep res s  t h e  economy. However, when expor t  
cropping i n  t h e  h igh lands  no longer  pays ,  r a i n f o r e s t s  may have 
a chance t o  r e b u i l d  wood and s o i l  s t o r a g e s  f o r  ano ther  cyc l e .  
Economic  G r o w t h  P o t e n t i a l  
Economic developnent o f t e n  proceeds w i th  investments  t o  
draw re sou rces  of t h e  environment i n t o  commerce u l t i m a t e l y  
i nc reas ing  t h e  i n p u t  of f o s s i l  f u e l s  and f u e l  based goods and 
s e r v i c e s  adding t o  t h e  indigenous energy r e sou rces  involved.  
This  p rocess  i s  l i t t l e  developed i n  Dominica where t h e  r a t i o  of 
concent ra ted  t o  r u r a l  energy i s  on ly  0 . 2 0 .  The r a t i o  of e l e c -  
t r i c a l  energy flow t o  t o t a l  energy flow i s  only 0 . 0 0 1 4 %  compared 
t o  va lues  f o r  New Zealand, 0.15; Spain ,  . 2 2 ;  and t h e  USSR,  0.194. 
Although t h e  p o t e n t i a l  f o r  a t t r a c t i n g  i n v e s t e d  f o r e i g n  
embodied energy i n p u t s  i s  l a r g e ,  s o  f a r  t h i s  p roces s  has  been 
unsuccess fu l  i n  gene ra t ing  e x p o r t s  t h a t  can compete w e l l  i n  
i n t e r n a t i o n a l  markets.  
Embodied Energy-DoZZcr Ratio 
The embodied energy-dol la r  r a t i o  f o r  Dominica i s  fou r  t imes 
t h a t  of t h e  United S t a t e s ,  b u t  1/4 t h a t  of L i b e r i a  (Chapter  7 ) .  
The r a t i o  shows i n  another  way how much of  t h e  system i s  o u t s i d e  
t h e  economy of c i r c u l a t i n g  money. Anyone import ing from Dominica 
t o  t h e  United S t a t e s  o b t a i n s  fou r  t imes more embodied energy than  
i s  i n  t h e  buying power of t h e  d o l l a r  s p e n t  i n  t h e  United S t a t e s .  
Consequently, e f f o r t s  t o  expor t  raw produc ts  such a s  bananas,  
do n o t  s t i m u l a t e  t h e  home economy a s  much a s  complete p rocess ing  
which draws more d o l l a r s  i n t o  t h e  economy pe r  embodied energy 
inves t ed .  Trade arrangements judged on t h e  b a s i s  of d o l l a r  
exchanges b e n e f i t  t h e  country  wi th  t h e  lower energy d o l l a r  r a t i o .  
Energy Density 
I n  Dominica, t h e  embodied energy use/square  meter i s  
8.8 El 1 sEJ/rn2 (Table  9 .4 ,  Item 15) . This r a t i o  i s  about twice  
t h a t  of t h e  U.S .A .  and L i b e r i a  and r e f l e c t s  t h e  enormous environ- 
mental energy flow per  person c o n t r i b u t e d  by t h e  use of v i r g i n  
f o r e s t  and s o i l  s t o r a g e s  which was 56% of t h e  t o t a l  energy use  i n  
Dominica (Footnote  1 0 ,  Table 9 . 1 ) .  On a  per  a r e a  b a s i s ,  t h i s  
f low dwarfs t h e  f o s s i l  f u e l  energy use i n  t h e  U.S .A .  and t h e  
l a r g e  n a t u r a l  energy flows i n  L i b e r i a .  
Energy per Person 
Fuel  use  per  person i n  Dominica, 2.08 El4 SEJ/y, i s  approxi-  
mately 35% of t h e  of t h e  United S t a t e s ,  5.7 El4 SEJ/y. A more 
i n c i s i v e  measure of t h e  energy s t anda rd  of l i v i n g  might be t o t a l  
embodied energy per person (Item 16, Table 4). By this measure 
Dominica, 8.2 El5 SEJ/y, is 41% of the U.S.A., 2.0 ~ 1 6  SEJ/~, and 
31% of Liberia, 2.6 El6 SEJ/y. 
Usually the resource inputs per person are indicated with 
fuel energy per person or other indices of commerce and industry. 
At least in an overall sense, Dominica's flows of renewable 
energies give them a comparable standard of living. The embodied 
energy in annual income (474 US$/y, World Bank 1981), is only 
55% of the total embodied energy use per person (7.58 El5 S~~/1.39 
El 6 SEJ) . 
Carrying Capac i t y  
The 1979 population was 82,699 people. The renewable 
carrying capacity or population level sustainable were Dominica 
to exist only on its renewable energy inputs (after rain forests 
are used) would be 21,600 people. 
At the present rate of wood and soil use, the remaining rain 
forests will be used up in 60 years. During the period of time 
before, investments may be attracted and populations supported 
which will not be supportable later. Dominica is self-sufficient 
now, but on a declining resource. Changed land uses with land 
rotations and fertilizers may be needed to provide an alternative 
system to rain forest use. 
The developed carrying capacity ratio in Table 9.4,'indicates 
the carrying capacity if the economic development were that of 
the most industrialized nations, with eight times more embodied 
energy use than supplied from local renewable sources. For 
Dominica with people at their present standard of living, the 
carrying capacity would be 172,800 people, much larger than the 
present population of 80,000. Unless it declines, the annual 
population growth rate, 1.6%/y (CIA 1977) will result in less 
energy per person if the economic developments that allow outside 
energy imports are not found. 
H y d r o e l e c t r i c  P o t e n t i a l  
Part of balanced development is providing low cost electric 
supplies to all parts of a country. The interaction of high 
rain input and strong mountain uplift has created over three 
hundred rivers on Dominica. Many of these rivers have sufficient 
energy to drive turbines or machines on a fairly continuous 
basis without the necessity of maintaining a large water area 
uphill. Without the expense of building large dammed reservoirs, 
relatively inexpensive hydropowercould be established. Whether 
this energy drives mills directly or turbine dynamos for electri- 
city will depend on the type of manufacturing capacity national 
policy pursues. Such a rurally available power source could 
provide the capacity to process agricultural products locally 
and thus bring more jobs and embodied energy to the local economy. 
Renewable hydropower may be available long after fossil fuels 
become too expensive. Developing such capacity will contribute 
to Dominica's immediate and future vitality. 
Whereas geothermal energy is apparently available in hot 
spring areas of ~ominica, the hydroelectric potentials require 
less special technology and are more renewable. 
Renewable  F o r e s t  O p t i o n s  
Tropical forest plantations develop useful light density 
roundwood products with a 20 year rotation especially if ferti- 
lizers are applied, although the products are inferior for many 
purposes as long as virgin forest wood is available. 
Letting natural processes restore and regenerate soils 
and forests is the normal pattern on Dominica and elsewhere. In 
the shifting agricultural patterns, over 10 to 20 years are 
needed to develop appropriate soil conditions for another two 
or three years crop. This pattern may be improved with additional 
inputs, improved diversity of crops, fertilizers, etc. 
For rugged watersheds and high lands with highest rainfalls, 
a longer rotation of 100  years may allow high quality timber at 
little cost, providing trees can receive protection and gene 
pools can be retained in clusters to provide seeding for fast 
forest regeneration. 
Perhaps through import of exotics, plantations of high 
quality botanical products, pharmaceuticals, etc., not in 
competition with other areas, may increase the conversion of 
the large embodied energies of Dominica into means for economic 
development . 
Developing a high diversity of tropical tree crops for 
local consumption could help local standards of living by routing 
the embodied environmental energies into human use. 
Future  
The unusual energy signature of Dominica provides a challenge 
to couple the economy of humans to the exceptional flows of water, 
uplifting lands, tropical growing conditions, and tropical seas. 
If more of theworld'stourists can learn the fascination of seeing 
the best preserved rainforest island in the hemisphere, their 
funds may help to maintain the economic balance to help preserve 
some of the virgin forests. The future for Dominica is more 
promising than for some dry desert islands already over-populated. 
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10.  ENERGY ANALYSIS OVERVIEW OF THE NETHERLANDS 
An embodied energy analysis of the Netherlands for the year 
1 9 8 0  is presented. The analysis includes flows and storages of 
renewable and nonrenewable resources within the country, and 
flows from external sources, such as sunlight, rain, rivers, 
fuels, and goods and services. The objectiveofthe analysis is 
to give an overview of and insight in the energy basis for the 
Dutch economic and environmental system and toprovide an alter- 
native quantitative basis for policy recommendations at the 
national level. 
The procedure employed has been described in Part I of the 
report and in earlier versions in Odum et al. ( 1 9 8 1 )  and Odum 
( 1 9 8 3 ) .  The major steps in the procedure are: 
( 1 )  Development of an energy f low diagram,  summarizing 
a l l  ene rgy  f lows  a c r o s s  t h e  b o r d e r ,  a l l  major  f lows  
t h r o u g h  c o u n t r y  subsys tems ,  and d e s c r i b i n g  t h e  main 
s t o r a g e s  of renewable  and nonrenewable r e s o u r c e s .  
( 2 )  E s t i m a t i o n  of a c t u a l  ene rgy  f lows  and s t o r a g e s ,  con- 
v e r t i n g  all' u n i t s  i n t o  energy  u n i t s .  
( 3 )  C a l c u l a t i o n  of embodied energy  i n  t h e  f lows  and t h e  
s t o r a g e s ,  e x p r e s s e d  a s  embodied energy  u n i t s  of t h e  
same q u a l i t y ,  s o l a r  e q u i v a l e n t  j o u l e s .  
( 4 )  C a l c u l a t i o n  of  r e l e v a n t  r a t i o ' s  and i n d i c e s  f o r  
e v a l u a t i o n  of  t h e  economic s t a t e ,  p o l i c i e s ,  and 
p o t e n t i a l .  
The Country 
The Ne the r lands  i s  a  d e l t a  c o u n t r y  w i t h  approx imate ly  30 
p e r c e n t  of  t h e  l a n d  a r e a  below s e a  l e v e l .  T h i s  p a r t  i s  pro-  
t e c t e d  from t h e  North Sea andRhine  and Meuse r i v e r  b ranches  by 
an  e x t e n s i v e  network o f  d i k e s  and by c i r c a  300 km of  c o a s t a l  dunes.  
The lowlands  have c l a y  s o i l s ,  of mar ine  o r  f l u v i a l  o r i g i n .  The 
up lands  a r e  covered  by p l e i s t o c e n e  sands  and f i n e ,  w i n d - c a r r i e d  
c l a y s .  
There i s  no v i r g i n  ecosys tem l e f t  i n  t h e  c o u n t r y ;  most o f  
t h e  l a n d  t h a t  i s  n o t  i n  c u l t i v a t i o n ,  i s  h e a t h l a n d  and abandoned 
p i n e  p l a n t a t i o n s .  Many of  t h e  l a k e s  a r e  e u t r o p h i c  due t o  h e a v i l y  
f e r t i l i z e d  a g r i c u l t u r e ,  w h i l e  some a r e  showing a c i d  r a i n  impac t s .  
The p o p u l a t i o n  o f  1980 coun ted  14 ,091 ,000  p e o p l e  o f  which 
75 p e r c e n t  l i v e  i n  u r b a n i z e d  a r e a s .  The t o t a l  l a n d  a r e a  i s  
2  37,000 km , of which 30 p e r c e n t  i s  permanent  p a s t u r e  l a n d ,  23 
p e r c e n t  a r a b l e  and permanent  c r o p  l a n d ,  30 p e r c e n t  u rban  a r e a ,  
8  p e r c e n t  l a k e s ,  e s t u a r i e s  and r i v e r s ,  9  p e r c e n t  woodland and 
t h e  p r e c i o u s  dunes  c o v e r  a l m o s t  1 p e r c e n t .  
I n  F i g u r e  10.1 t h e  boundary  between u p l a n d s  and lowlands  
i s  shown, a s  w e l l  a s  t h e  b r a n c h e s  o f  t h e  Rhine and Meuse r i v e r ,  
t h e  c o a s t a l  dune r i d g e  and t h e  ma jo r  l a k e s  and e s t u a r i e s .  Fur-  
t h e r m o r e ,  t h e  a r e a  which h a s  been d e s i g n a t e d  a s  Dutch Nor th  Sea  
t e r r i t o r y  i s  d e l i n e a t e d ,  showing t h e  main o i l  and  n a t u r a l  g a s  
f i e l d s .  
The System Diagram 
A medium c o m p l e x i t y  d i ag ram o f  t h e  N e t h e r l a n d s  i s  shown i n  
F i g u r e  10 .2 .  Embodied s o l a r  e q u i v a l e n t  j o u l e s  a r e  w r i t t e n  on 
t h e  major  pathways and s t o r a g e s .  The r e l a t i v e  i m p o r t a n c e  o f  
t h e  e n e r g y  f l o w s  o f  d i f f e r e n t  forms  c a n  t h u s  be  e v a l u a t e d .  The 
d i ag ram i n c l u d e s  t h e  n a t u r a l  e n e r g y  i n p u t  f l o w s  o f  s u n ,  wind,  
r a i n ,  waves,  t i d e ,  and r i v e r s  i n t e r a c t i n g  w i t h  f u e l  e n e r g y  and 
f l o w s  o f  i m p o r t e d  goods  and s e r v i c e s  t h r o u g h  t h e  ma jo r  c h a r a c -  
t e r i s t i c  subsys t ems  o f  t h e  c o u n t r y .  Dunes and d i k e s ,  p o l d e r s ,  
t h e  n a t u r a l  g a s  r e s e r v e ,  t h e  i n t e n s i v e  a g r i c u l t u r e  and t h e  
p e t r o c h e m i c a l  i n d u s t r y  form a  combina t ion  o f  s u b s y s t e m s  u n i q u e  
i n  t h e  wor ld .  
The v a l u e s  o f  t h e  f l o w s  a r e  summarized i n  T a b l e  1 0 . 1 ,  con- 
t a i n i n g  a c t u a l  e n e r g y  v a l u e s ,  e n e r g y  t r a n s f o r m a t i o n  r a t i o n s  and 
calcuated embodied energy values. The storages are listed in 
Table 10.2. Calculations and sources of data are presented in 
the footnotes to the tables. 
Aggregated Diagram 
In Figure 10.3 the flows and subsystems of Figure 10.2 have 
been aggregated or selected for. For reasons of double counting 
only the largest solar-driven energyinput flow is considered 
when evaluating the energy budget for a nation. In the case of 
the Netherlands the combined input of the independent chemical 
potential energies of rain, falling on the country and rivers 
flowing into the country form the largest natural energy input 
flow. 
Imported energies include the energy embodied in fuels, 
goods and in services (corrected for double-counting). In the 
Netherlands an importantsource is the national reserve of natural 
gas. The exploited gas is partly consumed (613 E20 SEJ/yr) but 
is mostly exported without transformations (831 E20 SEJ/yr). 
Figure 10.3a is an aggregated summary diagram to facilitate 
comparison of countries. Figure 10.3b, the so-called three-arm 
diagram, summarizes input and output flows to the economy, dis- 
tinguishing indigenous sources, imported sources and exports only. 
The flows depicted in Figure 10.3 are listed in Table 10.3 
as is the calculation of the embodied energy to dollar (1980 $ 
= 2 guilders) ratio. The embodied energy to dollar ratio for 
the United States for 1980 has been used to calculate the em- 




Figure 10.1. The Netherlands. 
F i g u r e  1 0 . 2 .  Energy  d i a g r a m  of t h e  N e t h e r l a n d s ,  
T a b l e  1 0 . 1 .  Energy flows of t h e  N e t h e r l a n d s .  
Actual 
Foot- energy 
note Item J/yr 
Embodied 




1 Direct  sunl ight  3.0 E20 
2 Wind absorbed 4.9 El7 
3 Waves absorbed 4.7 El6 
4 Tide 
- i n  e s t u a r i e s  
- on shel f  
5 Rain 
- geopotent ia l  
- chemical p o t e n t i a l  
6 Rivers 
- geopotent ia l  
- chemical p o t e n t i a l  
7 Top s o i l  use 





O i l  
- imported 





- l o c a l  source 
- exported 
- used 
E l e c t r i c  power 
- imported 
- nuclear source 
- exported 
- used 
Embodied energy i n  imported 
- 
goods and se rv ices  
Embodied energy i n  exported 
goods and services  - 
*Flow i n  grams per year; ETR i n   gra gram. 
Footnotes to Table 10.1. 
1. Direct sunlight 
area land: 3.7 El 0 m2 (CBS 1982) ; area shelf: 5.0 El 0 m 2 
(estimated from map) ; annual solar energy: 3.4 E9 ~ / m ~ / ~ r  
(KNMI 1980). 
2. Wind absorbed 
height: 1000 m; vertical gradient: 12 E-3 m/s; eddy dif- 
fusion coefficient: 25 m3/m2/sec; time factor: 3.154 E7 
s/yr; density: 1.23 kg/m3 
2 3 2 
* (2.4 E-3 /s) (1.23 kg/m ) (25 m3/m /sec) (3.154 E7 s/yr) 
3. Waves absorbed 
(a) shore length: 3 E5 m (estimate from map); density: 
1.025 E3 kg/m3; gravity: 9.8 m/sec2; time factor: 3.154 
E7 sec/yr; height Im (estimate); velocity: 5.422 m/s; 
factor: 1/8 
(b) wave energy: f 3.1 kK/m 31 00 J/s/m (Wave Power Sys- 
tems MIT 1979) 
4,. Tides absorbed in estuaries 
area elevated: 630 E6 m2 (estimated): tides per year: 706; 
height: 2.4 m (estimated; density: 1.025 E3 kg/m2; grav- 
ity: 9.8 m/s2; factor: 0.5 
4b. Tides absorbed on continental shelf 
same formula, multiplied by .5; area shelf: 5 El0 m 2 
F o o t n o t e s  t o  T a b l e  10 .1  c o n t i n u e d .  
2  
a r e a :  8 . 7  E l 0  m ; mean e l e v a t i o n :  10 m ( e s t i m a t e  f rom map) ;  
r u n o f f :  , 4 2 5  m ( c a l c u l a t e d  f rom r a i n f a l l  and  e v a p o r a t i o n ;  
e v a p o r a t i o n  d a t a  f rom CBS 1978)  ; d e n s i t y :  1  E3 kg/m3; g r a v -  
i t y :  9 . 8  m/sec2 
5b.  Rain-chemical  p o t e n t i a l  
a r e a :  8 . 7  El 0  m3; r a i n f a l l :  .9  m/yr ( K N M I  1980)  ; Gibbs  
f r e e  e n e r g y :  4.94 J / g ;  a r e a  f a c t o r :  1 E6 g/m2 
2 
r ( 8 . 7  E l0  m3)  ( . 9  m/yr) (4 .94  J / g )  (1 E6 g/m ) = 3 .87  E l 7  J / y r  
6a .  R i v e r s - g e o p o t e n t i a l  w a t e r  
3  f l o w  volume: 80 E9 m / y r  ( S t i f f  1 9 8 0 ) ;  d e n s i t y :  1 E3 kg/m2; 
h e i g h t  o f  r i v e r  e n t r y :  20 m ( e s t i m a t e d  f rom m a p ) ;  g r a v i t y :  
9 . 8  m/sec2 
6b. R ive r s - chemica l  p o t e n t i a l  w a t e r  
3  3  f l o w  volume: 80 E9 m / y r ;  d e n s i t y :  1 E6 g/m ; Gibbs  f r e e  
e n e r g y :  138 .8  ( l o g e  1 E6 - 600/965000) J / g  f o r  600 ppm 
( c a l c u l a t e d  f rom S t l f f  1980)  
7 .  Top s o i l  u s e d  
fa rmed a r e a :  2 .035 E l 0  m2 (= 55% o f  l a n d  a r e a ) :  e r o s i o n  
r a t e :  250 g/m2/yr ( A ) ;  s u c c e s s i o n a l  a r e a :  296 E l 0  m2 ( 8 %  
of  l a n d  a r e a ) ;  s o i l  f o r m a t i o n  r a t e  = 1260 g/m2/yr; o r g a n i c  
f r a c t i o n :  0 . 5  ( g u e s s )  
Footnotes to Table 1 0 . 1  continued. 
* 
8 .  Earth flow 
Sediment inflow: 3  E6 tons/yr; sediment outflow into the 
North Sea: . 2 5  E6 tons/yr; net input: 2 . 7 5  E6  tons/yr = 
2 . 7 5  E l 2  gr/yr 
9-12 .  Fuel flows and electricity 
E l 5  J/yr 
Gross 
Production Import Export consumption 
Coal - 2 2 0  6 0  1 6 4  
Oil/petrol 
products 
Natural gas 2 8 8 5  1 2 0  1 7 3 2  1 2 6 2  
Electricity 
- conv. 2 1 0  
- nuclear 1 5  
Data: Central Bureau of Statistics 1 9 8 1 ,  The Hague. 
1 3 .  Embodied energy/f ratio 
GNP : f 3 3 2 3 4 0  E6 = $ 1 6 6 , 1 7 0  
Import: f 1 5 2 2 7 9  E6 = $ 7 6 , 1 3 9  
Export: f 1 4 6 8 6 0  E6 = $ 7 3 , 4 3 0  
Data: Central Bureau of Statistics 1 9 8 1 .  For calcula- 
tion see Table 1 0 . 3  
*The Netherlands is part of a subsiding area of the globe. 
Sediment flowsare considered instead of erosion and formation 
of earth. 
Table 10.2. Energy storage in the Netherlands, 1980. 
Foo t -  
n o t e  I t e m  
A c t u a l  Embodied 
e n e r g y  ETR e n e r g y  
J / Y ~  SEJ/J SEJ/yr E20 
1 Geothe rma l  h e a t  8.0 E l 8  6055 484.4 
2  Top s o i l  3  - 0 8  E l 9  62500 17219.0  
3  N a t u r a l  g a s  7.8 E l 9  48000 37440.0 
4  Crude  o i l  1 . 6  E l 8  53000 869.0  
5 Wood 4 . 3  ~ 1 7  6700 28 .8  
6  G e o p o t e n t i a l  of p o l d e r l a n d  5.4 E l 3  2  3  600 0 .01  
7  F r e s h  w a t e r  10 .2  E l 6  41000 41 .8  
Footnotes to Table 10.2. 
1. Geothermal heat 
estimated potential of water in crust rock: 1/3 of the 
area, 1/2 utilizable layer of 100 meters; porosity 15%; 
temperature 100°c at 2000-3000 m.depth 
20 years x 800 El5 J x .5 = 8000 El5 J 
Source: A.E.R. 1982. 
2. Soil organic matter storage 
2 (100cmx10.000 area: 3.7 El0 m ;  volume: 1 E06 cm/m 
cm2) /cm2 ; density: 1 .47 g/m3 ; organic fraction : -05 gC/g 
(Stiboka 1980); G = 5.4 x 4186 J/g 
3. Natural gas 
reserves: 2326 E9 m3 (A.E.R. 1982) 
3 3 (2326.9 E9 m ) (33.5 E3 J/m ) = 7.7951 ~ 1 9  J 
4. Crude oil 
reserves: 56 E6 mtons CE (UN 1981) 
(56 E6 mtons CE x 29.31 E9 J.m3) = 1.64 El8 J 
Footnotes to Table 10.2 continued. 
5. Wood 
area: 2.9 E9 m2 (CBS 1982) ; weight: 1 E4 g/m2 (estimate 
from Odum et al. 1981); energy content: 14651 J/g 
6. Geopotential of polderland 
2 
area: 30% of 3.7 El0 m ; weight factor: 1 E-3 kg/g; 
average depth: 1 m; volume factor: '1 E6 cm3/m3; gravity: 
9.8 m/s2; density for water: 1 gr/cm3; height of center 
of gravity: .5 x 1 m = .5 m 
7. Freshwater storage 
(a) lakes 
volume: 5 m (depth) x 450 E06 m2 = 2200 E6 m3; 
G: 138.8 /Cg e (999900/965000) J/g 
(2200 E6 m3) (1 E6 g/m3) (4.93 J/g) = 1.08 El6 J 
(b) groundwater 
3 
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Figure 10.3. Summary diagrams of the embodied energy flows of 
the Netherlands. (a) main flows; (b) three-arm 
diagram. 
Table  1 0 . 3 ,  Summary of  ene rgy  f lows  f o r  t h e  N e t h e r l a n d s .  
Ehbodi ed 
L e t t e r  s o l a r  energy D o l l a r s  
i n  F i g u r e  Item E20 SEJ/y E9 $/Y 
R Renewable sou r ce s  used,  SEJ/yr 219 - 
Nonrenewable sou r ce s  f low w i t h i n  t h e  
count ry  (SEJ/yr) : 
N Dispersed  r u r a l  source  (SEJ/yr) 0.9 - 
0 
N Concentra ted u se  (SEJ/yr) 1 
N Exported w i t hou t  u s e  2 
Imported m i n e r a l s  and f u e l s  (SEJ/yr) 1728 
'2'3 Imported goods and s e r v i c e s  (SEJ/yr) 1115 
D o l l a r s  p a i d  f o r  t o t a l  impor t s  ( $ /y r )  - 
D o l l a r s  p a i d  f o r  f u e l  impor t s  ( $ /y r )  - 1 8  
D o l l a r s  ob t a i ned  f o r  e x p o r t s  ( $ / ~ r )  - 84 
D o l l a r s  ob t a i ned  f o r  f u e l  e x p o r t s  
(S/yr) - 
P1E3 Exported s e r v i c e s  (SEJ/yr) 1516 - 
X Gross N a t i ona l  Product  ( $ /y r )  - 166 
R a t i o  embodied energy t o  d o l l a r  of 
impor t s  (SEJ/$) (US) 
P * 1 Rat i o  embodied energy t o  d o l l a r  of 
count ry  and f o r  i t s  e x p o r t s  (SEJ/$) 2.23 El2 SEJ/$ 
D i s c u s s i o n  
T a b l e  10.4 p r e s e n t s  an overview of t h e  e n e r g y  b a s i s  o f  t h e  
N e t h e r l a n d s  i n  t h e  form of  f l o w  v a l u e s ,  r a t i o s  between v a r i o u s  
f l o w s ,  ene rgy  d e n s i t y  i n d i c e s  and a  c a r r y i n g  c a p a c i t y  i n d e x ,  
The c o u n t r y  impor ted  496 E20 SEJ more i n  1980 t h a n  it e x p o r t e d .  
I n  money t e r m s  t h e  d i f f e r e n c e  i s  2,709 m i l l i o n  d o l l a r s .  To c a l -  
c u l a t e  t h e  embodied ene rgy  of  t h e  impor ted  goods and s e r v i c e s ,  
t h e  ene rgy  t o  d o l l a r  r a t i o  o f  t h e  Uni ted  S t a t e s  f o r  1980 was 
used ,  g i v e n  t h a t  most  o f  t h e  impor ted  goods and s e r v i c e s  come 
from developed c o u n t r i e s ,  and t h a t  e x c e p t  f o r  West Germany (see 
Chapte r  1 1 ) ,  energy  t o  d o l l a r  r a t i o s  o f  European Community coun- 
t r i e s  a r e  n o t  y e t  a v a i l a b l e .  
The r a t i o s  o f  ene rgy  i n p u t  f lows  t o  e n e r g y  u s e  i n d i c a t e  
t h a t  t h e N e t h e r l a n d s  i s  v e r y  dependen t  on purchased  e n e r g y .  The 
th ree -a rm diagram ( F i g u r e  10 .3b)  o b s c u r e s  t h i s  f a c t  s i n c e  t h e  
n a t u r a l  g a s  t h r o u g h p u t  f l o w  (831 o u t  o f  1690 E20 SEJ) i s  i n -  
c l u d e d  i n  t h e  i n p u t  f low.  Only 23 p e r c e n t  o f  t h e  e n e r g y  used 
i s  from home s o u r c e s ,  and o n l y  6 p e r c e n t  i s  l o c a l l y  renewable .  
The c a r r y i n g  c a p a c i t y  i n d e x  i n d i c a t e s  t h a t  i n  t h e  c a s e  t h a t  f u e l  
a v a i l a b i l i t y  d e c r e a s e s ,  o n l y  a  s m a l l  f r a c t i o n  of  t h e  p r e s e n t  
p o p u l a t i o n  c o u l d  be s u s t a i n e d  i n  t h e  c o u n t r y ,  a t  l e a s t  a t  t h e  
p r e s e n t  s t a n d a r d  of  l i v i n g .  
T h i s  ene rgy  a n a l y s i s  h a s  focused  on t h e  f l o w s  and s t o r a g e s  
a t  t h e  n a t i o n a l  l e v e l .  V a r i o u s  f l o w s  have been a s s e s s e d  i n  an  
i n d i r e c t  way, because  e n e r g y  t r a n s f o r m a t i o n  r a t i o s  a r e  n o t  y e t  
a v a i l a b l e  f o r  a l l  goods and p r o d u c t s .  Energy a n a l y s e s  o f  sub- 
sys tems need t o  be c a r r i e d  o u t  t o  produce  t h e s e  ETR's. F u r t h e r -  
more, g i v e n  t h e  mutual  dependency o f ,  f o r  example,  t h e  European 
Table  10 .4 .  I n d i c e s .  
Index Name ~ x p r e s s i o n  Value 
1 Renewable embodied energy R 
flow 
2 Indigenous nonrenewable N 
flow 
3 Imported embodied energy F+P I 
flow 2 3 
4 Tota l  embodied energy flow R+N+F+P I 2 3 
5 Tota l  embodied energy used R+N +F+P I =U 1 2 3 3702 E20 SEJ/yr 
6 Tota l  exported embodied 
energy 
7 Import minus exports  (F+P J )  - ( N ~ + B + P ~ E )  2 496 E20 SEJ/yr 
8 Ratio of exports  t o  imports ( N  +P E ) - (N2+B+P213) 0.83 2 1 3  
9 Fract ion used from home 
sources 
10 Fract ion used l o c a l l y  r e  
R/U 
11 Fraction used t h a t  i s  pur- (F+P213) /U 
chased 
12 Fract ion  used t h a t  i s  im- 
ported goods & se rv ices  P213/U 
13 Fract ion used t h a t  i s  f r e e  (NO+N1+R) /U 0.23 
1 4  Ratio of concentrated t o  
r u r a l  use 
15  Use per  u n i t  land area  
(A  = 3.7 E ~ O  m2) U/A 
16 U s e p e r  c a p i t a  ( C = 1 4  E06) U/C 264 - 4  E l 4  SEJ/ C /y 
17 Renewable car ry ing capaci ty  ( R / U )  *population 
a t  present  l i v i n g  standards 
Ratio of used embodied energy P = U/GNP 
t o  GNP 1 
0.84 E06 people 
19  Fuel per  c a p i t a  
20 Fract ion e l e c t r i c i t y  
( A l l  f u e l  used) / 116 El4 SEJ/C/yr 
populat ion 
Community c o u n t r i e s  an energy s t u d y  of  t h e  EC t r a d e  r e l a t i o n -  
s h i p s  may n o t  o n l y  p r o v i d e  i n s i g h t s  f o r  p o l i c y  b u t  a l s o  produce 
a c t u a l  ene rgy  t o  d o l l a r  r a t i o s  f o r  t h e  impor t  f lows .  
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1 1 .  ENERGY ANALYSIS OVERVIEW OF THE FEDERAL REPUBLIC OF 
GERMANY (FRG ) 
I n t r o d u c t i o n  
T h i s  i s  a n  e n e r g y  a n a l y s i s  o f  t h e  main e n e r g y  f l o w s  o f  t h e  
F e d e r a l  Repub l i c  o f  Germany (FRG), w i t h  i t s  s y s t e m s  of  n a t u r e  
and  humani ty  and i t s  i n t e r p l a y  of  r enewab le  r e s o u r c e s ,  i n d i g e n -  
o u s  non-renewable r e s o u r c e s  and impor t ed  r e s o u r c e s  t n a ~  g e n e r a t e  
t h e  economy. An a g g r e g a t e d  d i ag ram was u s e d  t o  r e p r e s e n t  t o t a l s  
f o r  o v e r a l l  c o m p a r i s o n s .  S e v e r a l  r a t i o s  ( o u t s i d e - i n s i d e  e n e r g y  
r a t i o ,  embodied e n e r g y  t r a d e  r a t i o ,  e t c . ) ,  w e r e  c a l c u l a t e d  t o  
compare t h e  FRG w i t h  o t h e r  c o u n t r i e s  and t o  s u p p o r t  p r e d i c t i o n s .  
The FRG, a  c o u n t r y  i n  n o r t h  w e s t e r n  Europe ,  c u t s  a c r o s s  
t h r e e  o f  E u r o p e ' s  m a j o r  e a s t - w e s t  r e g i o n s .  I n  t h e  s o u t h  a r e  t h e  
A l p s ,  i n  t h e  c e n t r a l  p a r t  of  t h e  c o u n t r y  i s  t h e  C e n t r a l  Upland 
and i n  t h e  n o r t h  i s  t h e  N o r t h e r n  Lowland. With t h e  rest of  
w e s t e r n  Ea rope ,  W e s t  Germany s h a r e s  a  t e m p e r a t e  m a r i t i m e  c l i m a t e .  
There  i s  a  g e n e r a l  a i r  s t r e a m  from w e s t  t o  e a s t  and a n  a n n u a l  
p r e c i p i t a t i o n  o f  800 rnm/y. I n  g e n e r a l  w i n t e r  t e m p e r a t u r e s  de- 
c l i n e  e a s t w a r d  and sou thwards ,  i n  t h e  l a t t e r  c a s e  because  o f  
i n c r e a s e d  a l t i t u d e  (mean J a n u a r y  t e m p e r a t u r e  i s  o O C ) .  I n  summer 
t e m p e r a t u r e s  d e c l i n e  from s o u t h  t o  n o r t h  w i t h  a n  a v e r a g e  J u l y  
t e m p e r a t u r e  of  1 7 O ~ .  
I n  West Germany s o i l  v a r i e s  m o s t l y  i n  r e l a t i o n  t o  l o c a l  
c o n d i t i o n s  of  r o c k  t y p e .  The s o i l  o f  t h e  Alps  v a r i e s  a c c o r d i n g  
t o  t h e  h e i g h t  and d e g r e e  o f  t h e  s l o p e  b u t  t h e y  t e n d  t o  b e  s h a l -  
l o w  and s t o n y .  The b e s t  s o i l s  a r e  found i n  t h e  C e n t r a l  Uplands 
and t h e  A l p i n e  F o r e l a n d .  Former ly  c o v e r e d  w i t h  b r o a d l e a v e d  
f o r e s t  t h e y  a r e  now m o s t l y  c l e a r e d  and p r o v i d e  f i n e  grey-brown 
p o d z o l i c  o r  brown f o r e s t  s o i l .  The s a n d s  of  t h e  N o r t h e r n  Low- 
l a n d  have been  b a d l y  l e a c h e d .  C l a y ,  humus and p l a n t  n u t r i e n t s  
a r e  washed o u t  of  t h e  s u r f a c e  l a y e r s  and a r e  accumula ted  a s  a  
l a y e r  o f  ha rdpan ,  u n f a v o r a b l e  t o  a g r i c u l t u r e .  
T h e r e  i s  v e r y  l i t t l e  n a t u r a l  v e g e t a t i o n .  I n  t h e  h i g h e r  and 
lower  m a s s i f s  of t h e  Alps  and t h e  C e n t r a l  Uplands t h e  beech  f o r -  
ests  merge upwards i n t o  a  mixed f o r e s t  o f  beech  and s i l v e r  f i r  
and t h e n  i n t o  s p r u c e .  The b e t t e r  s o i l s  have been  c l e a r e d  f o r  
a g r i c u l t u r e .  On t h e  p o o r  s a n d s o i l s  o f  t h e  Nor the rn  Lowlands 
p l a n t e d  S c o t s  p i n e s  and open h e a t h l a n d  have r e p l a c e d  t h e  o r i g i n a l  
open oak f o r e s t .  Today, o u t  o f  t h e  t o t a l  a r e a  o f  West Germany 
(248,643 s q u a r e  km) ,  35.5 p e r c e n t  i s  c r o p l a n d ,  79.4 p e r c e n t  i s  
f o r e s t ,  2 4 . 2  p e r c e n t  i s  p a s t u r e l a n d  and t h e  rest  i s  f o r  u rban  
u s e ,  t r a n s p o r t a t i o n  and o t h e r  minor  t h i n g s .  The l a n d - u s e  i s  
shown i n  F i g u r e  11.1 ( C o l l i e r  1 9 8 1 ) .  I n  1937, 39.6 m i l l i o n  peo- 
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Figure 11.1. Land uses in West Germany (modified from Collier 
1 9 8 1 ) .  
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1 - pr imary  energy  u s e ,  2  - ind igenous  energy suurcco, 3 - ~ x o y e ~ ~ o u s  energy  s o u r c e s ,  
4  - e x p o r t ,  n e t  removal o u t  o f  ene rgy  s t o c k s ,  6  - c r u d e  o i l ,  7  - l i g n i t e ,  8 - s t o n e  
c o a l ,  9 - g a s ,  1 0  - e l e c t r i c i t y ,  11 - n u c l e a r  ene rgy ,  12 - h y d r o e l e c t r i c  ene rgy ,  
1 3  - remaining energy ,  14  - energy  s o u r c e s  f o r  e l e c t r i c i t y  p r o d u c t i o n ,  1 5  - energy  
s o u r c e s  f o r  f i n a l  u s e ,  16  - energy  i n d u s t r y  f u e l  u s e  and l o s s ,  1 7  - n o n e n e r g e t i c  u s e ,  
1 8  - energy  u s e  f o r  c o n v e r s i o n ,  1 9  - household  and s m a l l  u s e r s ,  20 - i n d u s t r y ,  
21 - t r a n s p o r t ,  22 - energy  l o s s ,  23 - used energy  
F i g u r e  1 1 . 2 .  Energy f l o w  (p r imary  and e l e c t r i c i t y )  o f  W e s t  Germany 
( Jahrbuch  f u e r  Bergbau 1 9 8 2 / 8 3 ) .  

( r e f u g e e s  a f t e r  t h e  World War I1 and  f o r e i g n  w o r k e r s  i n  t h e  6 0 ' s )  
t h e  p o p u l a t i o n  i n c r e a s e d  up t o  61 .5  m i l l i o n  p e o p l e .  T h i s  re- 
s u l t s  i n  a n  a v e r a g e  p o p u l a t i o n  d e n s i t y  o f  248 p e o p l e / s q u a r e  km, 
which i s  u n e v e n l y  d i s t r i b u t e d .  75 p e r c e n t  o f  t h e  p e o p l e  l i v e  i n  
c i t i e s ,  22 p e r c e n t  l i v e  i n  t h e  20 b i g g e s t  c i t i e s  ( >  250,000 i n -  
h a b i t a n t s ) .  By 1980 4 . 4  m i l l i o n  f o r e i g n  p e o p l e  immigra t ed .  
W e s t  Germany i s  a  member o f  t h e  European Economic Community 
(EEC) and w i t h  a b o u t  50 p e r c e n t  o f  t h e  t o t a l  e x p o r t  t h e  o t h e r  
c o u n t r i e s  o f  t h e  EEC a r e  t h e  most  i m p o r t a n t  t r a d i n g  p a r t -  
n e r s .  O t h e r  main p u r c h a s e r s  o f  e x p o r t s  a r e  t h e  USA, S w i t z e r l a n d ,  
A u s t r a l i a  and Sweden. P r e v i o u s  e f f o r t s  t o  o v e r v i e w  e n e r g y  f l o w s  
i n  W e s t  Germany i n c l u d e d  o n l y  t h e  web o f  f u e l s  and  e l e c t r i c i t y  
( F i g u r e  1 1 . 2 )  . 
I n  t h i s  c h a p t e r ,  e n e r g i e s  o f  e n v i r o n m e n t ,  s e r v i c e s  and 
t r a d e  a r e  i n c l u d e d ,  r e p r e s e n t i n g  a l l  f l o w s  and  r e s e r v e s  
i n  embodied s o l a r  e q u i v a l e n t s  ( F i g u r e  1 1 . 3 ) .  
Methods 
The p r o c e d u r e s  and  methods u s e d  were t h o s e  g i v e n  i n  P a r t  I ,  
s e c t i o n s  1 t o  5 .  A f t e r  a n  e n e r g y  d i a g r a m  was drawn ( F i g u r e  1 1 . 3 )  
t h e  a c t u a l  e n e r g y  s t o r a g e s  and f l o w s  w e r e  e s t i m a t e d  and  m u l t i -  
p l i e d  by t h e  e n e r g y  t r a n s f o r m a t i o n  r a t i o s  ( T a b l e  1 1 . 1 ) .  T h i s  
c a l c u l a t i o n  c o n v e r t s  a l l  s t o r a g e s  and  f l o w s  i n  embodied s o l a r -  
e q u i v a l e n t  J o u l e s  (SEJ)  which a l l o w s  t h e  compar i son  and e v a l u a -  
t i o n  o f  t h e  d i f f e r e n t  s t o r a g e s  and f l o w s .  
Most d a t a  (1979)  were d e r i v e d  from t h e  f o l l o w i n g  r e f e r e n c e s :  
S t a t i s t i s c h e s  J a h r b u c h  1981 f u e r  d i e  B u n d e s r e p u b l i k  D e u t s c h l a n d ;  and  
Jahrbuch  f u e r  Bergbau, E n e r g i e ,  M i n e r a l o e l  and Chemie 1982/83. 
The i n t r o d u c t i o n  i s  an a b s t r a c t  from C o l l i e r ' s  Encyclopedia  
( 1 9 8 1 ) .  The w a t e r  budget  of t h e  n a t i o n  was found t o  be impor- 
t a n t  t o  embodied energy  c a l c u l a t i o n s .  See w a t e r  budget  g i v e n  
by K e l l e r  ( 1  9 7 2 ) .  
The u n i t  of  c u r r e n c y  i n  t h e  FRG i s  t h e  Deutsche Mark. I n  
1980 t h e  UN exchange r a t e  was 1.959 DM/$. T h i s  exchange r a t e  
was used i n  t h e  whole r e p o r t  d e s p i t e  t h e  f a c t  t h a t  a l l  t h e  d a t a  
a r e  from 1979, because  i n  1979 t h e  exchange r a t e  was e x c e p t i o n -  
a l l y  low (1 .73  DM/$) and h a s  n o t  been e x p e r i e n c e d  b e f o r e  o r  
s i n c e .  
R e s u l t s  
The energy  f lows  of impor tance  a r e  summarized i n  Tab le  
1 1 . 1  and t h e  s t o r a g e s  a r e  l i s t e d  i n  Tab le  1 1 . 2 .  Then i n  Tab le  
11.3 f lows  a r e  a g g r e g a t e d  w i t h  c a r e  t o  a v o i d  doub le  c o u n t i n g  
w i t h  t h e  h e l p  of t h e  overview diagram i n  F i g u r e  11 .4 .  I t  i n -  
c l u d e s  o u t s i d e  energy  s o u r c e s ,  s t o r a g e s  and energy  u s e s ,  indus -  
t r i e s  and p redominan t ly  human sys tems .  F i n a l l y ,  v a r i o u s  i n d i -  
c i e s  of t h e  energy  and economic r e l a t i o n s h i p s  a r e  c a l c u l a t e d  i n  
Tab le  11 . 4 .  
S i n c e  t h e  embodied s o l a r  energy i n  t h e  chemical  p o t e n t i a l  
i n  r a i n  i s  l a r g e r  t h a n  any of t h e  o t h e r  s o l a r  based s o u r c e s ,  i t  
i n c l u d e s  a l l  o t h e r  e n v i r o n m e n t a l  f l o w s ,  which a r e  by-products .  
For  f u r t h e r  c a l c u l a t i o n s  it was used a s  t h e  c o u n t r y ' s  o u t s i d e  
renewable energy f low.  
Imports x :* 
l ndigenous 
sources Nation Exports 
R. N o .  N, . N, N,. 8, P, E ,  
Figu re  1 1 . 4 .  Aggregated overview of t h e  F e d e r a l  ~ e p u b l i c  of 
Germany. ( a )  diagram f o r  Tabel  1 1 . 3 ;  ( b )  f u r -  
t h e r  agg rega t i on  i n  t h e  form of a three-arm 
diagram. 
The n e t  l o s s  of wea the red  r o c k  and o t h e r  m a t t e r  ( e a r t h )  a s  
w e l l  a s  t o p s o i l  was c a l c u l a t e d .  Compared w i t h  t h e  s t o r a g e  o f  
t o p s o i l  t h i s  l o s s  i s  n o t  s e v e r e .  
The FRG h a s  v e r y  l i t t l e  m i n e r a l  and f u e l  r e s o u r c e s .  The 
o n l y  e x c e p t i o n  i s  c o a l  o f  v e r y  h i g h  q u a l i t y ,  which c a n  even  be  
e x p o r t e d ,  d e s p i t e  i t s  e x t e n s i v e  u s e  i n  t h e  i r o n  and s t e e l  i n d u s -  
t r y .  A p a r t  f rom t h a t  t h e  FRG h a s  t o  i m p o r t  most  o f  t h e  f u e l  and 
m i n e r a l s  it n e e d s  t o  m a i n t a i n  i t s  h i g h l y  deve loped  i n d u s t r i a l  
p r o d u c t i o n .  The i m p o r t e d  i t e m s  w i t h  t h e  l a r g e s t  q u a n t i t i e s  o f  
embodied s o l a r  e q u i v a l e n t s  werea lumin ium,  c r u d e  o i l  and p h o s p h a t e .  
Most o f  t h e  e l e c t r i c i t y  demand wasmet  by t h e r m a l  p l a n t s  which 
r u n  e i t h e r  on o i l ,  c o a l  o r  g a s .  8  p e r c e n t  o f  t h e  t o t a l  produc-  
t i o n  came from n u c l e a r  p l a n t s  and 5 p e r c e n t  f rom h y d r o e l e c t r i c  
power s t a t i o n s .  
About h a l f  of  a l l  e x p o r t s  w e r e a c c o u n t e d  f o r  by machinery  and 
t r a n s p o r t a t i o n  equipment  a s  w e l l  a s  b a s i c  manufac tu red  i t e m s  
l i k e  i r o n ,  s tee l  and c h e m i c a l s .  The main i m p o r t s  w e r e m a c h i n e r y ,  
o i l  and o i l - p r o d u c t s ,  n a t u r a l  g a s  ( i n  i n c r e a s i n g  q u a n t i t i t i e s  
s i n c e  1 9 8 0 ) ,  and  food  and  c l o t h i n g .  
Of t h e  West Germany w o r k f o r c e ,  4 5  p e r c e n t  were employed i n  
i n d u s t r y ;  f o l l o w e d  by bank ing ,  i n s u r a n c e s  and o t h e r  s e r v i c e s ,  
w i t h  31.8 p e r c e n t ;  and commerce t r a n s p o r t a t i o n  and communicat ion 
w i t h 1 7 p e r c e n t .  About 5 p e r c e n t  o f  t h e  w o r k f o r c e  w e r e  w o r k i n g . i n  
t h e  a g r i c u l t u r a l  f i e l d .  A s  i n  a l l  o t h e r  w e s t e r n  c o u n t r i e s ,  
t h e  unemployment r a t e  h a s  r i s e n  s h a r p l y  i n  t h e  mid 1970s .  By 
t h e  b e g i n n i n g  o f  1983 it was o v e r  2 m i l l i o n  p e o p l e  o r  n e a r l y  9  
p e r c e n t  of t h e  t o t a l  workforce ,  The income p e r  c a p i t a  d e r i v e d  
by d i v i d i n g  t h e  GNP by t h e  number of c a p i t a ,  was 11,614 $/y i n  
1979. 
Energy/Dollar  R a t i o  
The e n e r g y / d o l l a r  r a t i o  ( F i g u r e  11 .3  and T a b l e  1 1 . 4 )  f o r  
t h e  FRG i n  1979 was c a l c u l a t e d  from t h e  chemical  p o t e n t i a l  energy 
of r a i n ,  nonrenewable i n d i g e n o u s  r e s o u r c e s ,  used w i t h i n  t h e  coun- 
t r y ,  impor ted  f u e l s ,  m i n e r a l s ,  goods and s e r v i c e s ,  and t h e  Gross 
N a t i o n a l  P roduc t  (GNP). The FRG e n e r g y / d o l l a r  r a t i o  i n  1979 was 
2.45 El2  SEJ/$, a b o u t  30 p e r c e n t  h i g h e r  t h a n  t h e  US (1 .85  El2 
SEJ/$) .  T h i s  s u g g e s t s  t h a t  f o r  e v e r y  d o l l a r  t h a t  a n  i m p o r t e r  
p a i d  t h e  FRG f o r  i t s  p r o d u c t s ,  he r e c e i v e d  30 p e r c e n t  more em- 
bodied energy  t h a n  t h a t  d o l l a r  would buy i n  t h e  US. 
Energy E v a l u a t i o n  of t h e  Trade Balance 
The embodied energy  i n  i n t e r n a t i o n a l  t r a d e  i s  g i v e n  i n  Fig-  
u r e  11.4b.  The embodied energy  of  t h e  i m p o r t s  and e x p o r t s  were 
c a l c u l a t e d  from t h e  energy  f low of  t h e  m i n e r a l s ,  f o s s i l  f u e l s  
and goods,  added t o  t h e  s e r v i c e  energy  ( l a b o r ,  p a i d  i n  d o l l a r s )  
m u l t i p l i e d  by t h e  e n e r g y / d o l l a r  r a t i o  of  t h e  USA (Tab le  1 1 . 3 ) .  
The German economy i s  h i g h l y  e x p o r t  o r i e n t e d .  D e s p i t e  t h i s  f a c t  
t h e  money b a l a n c e  of payments shows a  5  b i l l i o n  d o l l a r  d e f i c i t .  
I n  1979, $2.01 E l l  were r e c e i v e d  f o r  e x p o r t s ,  b u t  $2.06 E l l  had 
t o  be s p e n t  on i m p o r t s .  On a n  embodied energy  b a s i s ,  however, 
t h e  t r a d e  r a t i o  shows a  huge n e t  g a i n :  i m p o r t s  were 6.4 t i m e s  
t h e  e x p o r t s .  
Table 11.1 .  Energy flows of t h e  FRG. 
Actual Fmbodi ed 
energy KTR solar  energy 
J/Y SEJ/y' E22 SEJ/y 
Foot- 
note Type of energy 
Direct sunlight 
Rain 
- chemical potent ia l  
- geopotential 
Rivers 
- chemical potent ia l  
- geopotential 
Wind k ine t ic  
Net loss  of s o i l  
- ear th  
- topso i l  
Goods used i n  reaction with 
oxygen (import-export) 
Goods used whose value is  i n  
i t s  concentration (import- 
export ) 
- phosphate 




- Raw Fe and s t e e l  
- refined Fe and s t e e l  
- CU-ore 
- Cu and Cu-products 
- Bauxite 







O i l  import 
Natural gas import 
E lec t r i c i t y  
- import 
- used 
- output of nuclear plants  
*See Footnote 6. 
**ETR: 2/3 of o i l  ETR 
F o o t n o t e s  t o  T a b l e  1 1 . 1 .  
Direct s u n l i g h t  
Area :  248,643 km2 ( S t a t i s t i s c h e s  J a h r b u c h  1981 f  . d .  FRG) 
S h e l f  a r e a :  58 ,535  km2 ( e s t i m a t e d )  
T o t a l  a r e a :  307,178 km2 = 307,178 E6 m 2  
S u n l i g h t  on t h e  s u r f a c e :  110 k c a l / c m 2 / ~  (Odum e t  a l .  1983)  
Albedo: 14% 
Annual r a d i a t i o n :  1 . 0  110 k ~ a l / c m ~ / ~  
= 1 2 7  . 9  kcal/cm 2 /y  0.86 
2a.  Rain-chemical p o t e n t i a l  
Annual e v a p o t r a n s p o r a t i o n  o f  r a i n  w a t e r :  0 .825  m/y ( K e l l e r ,  
1972) 
T o t a l  a r e a :  307,178 E6 m 2  
Gibbs  f r e e  e n e r g y :  4.94 J / g  
Run-off:  C.355 n/y (Xe l l e r ,  Plater  Ba lance  i n  t h e  FRG, 
F i g u r e  1 1 . 2 )  
Mean e l e v a t i o n :  130 m (Kemp 1981)  
Area :  248,643 E6 m 2  
( a r e a )  (mean e l e v a t i o n )  ( run -o f  f )  ( d e n s i t y )  ( g r a v i t y )  
3a .  R ive r s -chemica l  p o t e n t i a l  
Incoming r i v e r s :  0 .332 m/y ( K e l l e r  1972) 
Run-off:  0.296 m/y 
T o t a l  r u n - o f f :  0.628 m/y 
D i s s o l v e d  s o l i d s :  0.41 E3 g / l  ( I n t e r n a t i o n a l e  Kommission 
zum S c h u t z e  d e s  Rhe ins  gegen Verschmutzung 1979)  
( 8 . 3 3  J /mol/deg)  ( 3 0 0 ~ ~ )  Gibbs  f r e e  e n e r g y :  - (1 E6 -1 0)  18 g/mol loge (1 E6 -410) 
( t o t a l  r u n - o f f )  ( a r e a )  ( d e n s i t y )  ( G )  
2 2 (0 .628  m/y) (2 .48  El 1 m ) ( 1  E6  g/m ) ( 5 . 5 5  E-2 J / g )  = 8 .67  E l 5  Z/y 
F o o t n o t e s  t o  T a b l e  1 1 . 1  c o n t i n u e d .  
O u t f l o w  volume a n d  a l t i t u d e  
R h i n e :  7 . 8  E l 0  m3/y ; 3 8 1  m ( S h o w e r s  1 9 7 3 ;  
D a n u b e  : 4 . 4  E l 0  m3/y ; 5 8 0  m M i c h e l i n  1 9 8 2 )  
I m s  2 . 3  E l 0  m3/y ; 2 1 3  m 
E l b e  2 . 2  E l 0  m3/y ; 2 2  m 
Weser-Werra 1 . 0 5  E l 0  m3/y ; 1 6 3  m 
M a i n  0 . 3 1 5 E l O m 3 / y  ; 2 3 7 m  
( f l o w  volume) ( h e i g h t  o f  e n t r y - e g r e s s )  ( d e n s i t y )  ( g r a v i t y )  
R h i n e  
( 7 . 8  E l 0  m3/y)  ( 3 8 1  m )  ( 1  E 3  kg/m3) ( 9 . 8  m / s e c 2 )  = 2 . 9  E l 7  J / y  
D a n u b e  
( 4 . 4  E l 0  m3/y)  ( 5 8 0  m )  ( 1  E 3  kg/m3)  ( 9 . 8  m / s e c 2 )  = 2 . 5  E l 7  J / y  
I m s  3  2  ( 2 . 3  E l 0  m3/y)  ( 2 1 3  m) ( 1  E3  kg/m ) ( 9 . 8  m/sec ) = 0 . 4 8  E l 7  J / Y  
Weser-Werra 
( 1 . 0 5  E l 0  m 3 / y ) ( 1 6 3  m ) ( 1  E 3  k g / m 3 ) ( 9 . 8  m / s e c 2 ) = 0 . 1 6 8  E l 7  J / y  
M a i n  2  ( 0 . 3 1 5  E l 0  m3/y)  ( 2 3 7  m) ( 1  E 3  kg /m ) ( 9 . 8  m / s e c 2 )  = 0 . 0 7 3  E l 7  J / y  
4 .  W i n d  e n e r g y  
Wind s p e e d ( v ) :  4 . 2 0  c m / s e c  (H.E.  L a n d s b e r g  1 9 7 7 )  
T o t a l  area (A)  : 3 0 7 , 1 7 8  E l  0  cm2 
H e i g h t  ( d )  : 1  E4 cm 
D e n s i t y  ( a i r )  ( p )  : 1 . 2  E-3 g/cm3 2  E d d y  d i f f u s i o n  c o e f f i c i e n t  (c,) :  1  E4 c m  /sec 
Wind e n e r g y :  1 / 2  p  v2 A  ce l / d  
F o o t n o t e s  t o  T a b l e  3 1 . 1  c o n t i n u e d ,  
5a .  Net l o s s  of  s o i l - e a r t h  
E r o s i o n :  9 .6  E9 kg/y (Snead 1980) 
Forma t ion  r a t e :  3  1 . 2  E-3 kg/q2/y ( T a b l e  2.1 ) 
Area o f  Germany: 248643 E6 rn 
( e r o s i o n  o u t £  low) - ( f o r m a t i o n  r a t e )  ( a r e a  of  c o u n t r y )  
5b. N e t  l o s s  of s o i l - t o p  s o i l  
Farmed l a n d :  89 .1% ; 221541 E6 m2 
E r o s i o n  r a t e :  250 g/m2/y ( T a b l e  2 . 1 ,  same a s  f o r  t h e  p a c i f i c  
s t a t e s )  
W .  Germany d o e s  n o t  have any  s u c c e s s i o n a l  a r e a  
( fa rmed l a n d )  ( e r o s i o n  r a t e )  
(221541 E6 m )  (250 g / m 2 / y )  = 5 .54  E l 3  g/y 
(5 .54  E l 3  g /y )  ( 0 . 0 3  o r g a n i c )  ( 5 . 4  k c a l / g )  (4186 J / k c a l )  
(5 .54  E l 3  g /y )  ( 0 . 0 3  o r g a n i c )  ( 5 . 4  k c a l / g )  (4186 J'/l:7) 
6 .  Goods u s e d  i n  r e a c t i o n  w i t h  oxygen ( S t a t i s t i s c h e s  J a h r b u c h  1981 
f . d .  FRG) : 
Impor t  1979 
l i v e  a n i m a l s ,  meat  and meat  p r o d u c t s :  1 .233  E6 kg 
f i s h :  649 E6 kg 
d a i r y  ( 1 / 2  m i l k ,  1/2 c h e e s e ) :  543 E6 kg 
g r a i n s :  5247 E6 kg 
wood: 9969 E6 kg 
E x p o r t  1979 
l i v e  a n i m a l s ,  meat  and meat  p r o d u c t s :  813 E6 kg 
f i s h :  202 E6 kg 
d a i r y  ( a l m o s t  a l l  m i l k )  : 251 1 E6 kg 
g r a i n s :  2063 E6 kg 
wood: 1959 E6 kg 
Impor t -Expor t  1979 
l i v e  a n i m a l s ,  meat  and meat  p r o d u c t s :  4 2 0  E6 kg 
f i s h :  447 E6 kg 
d a i r y :  -1968 E6 kg 
g r a i n s :  318u E6 kg 
wood: 8010 E6 kg 
F o o t n o t e s  t o  T a b l e  11 .1  c o n t i n u e d .  
A c t u a l  e n e r g y :  ( B u r n e t t  1978,  F l u c k  dnd ~ a i r d  1980) 
b e e f :  15 .8  E6 J /kg  
f i s h :  4 .3  E6 J / k g  
m i l k :  2 .7  E6 J /kg  
c h e e s e :  1 3 . 5  E6 J / k g  
g r a i n :  13 .9  E6 J / k g  
lumber:  13.8 E6 J / k g  
A c t u a l  j o u l e s :  
b e e f :  (420 E6 kg )  (15 .8  E6 J / k g )  = 6.6  E l 5  J / y  
f i s h :  (447 E6 kg )  ( 4 , 3  E6 ~ / k g )  = 1 . 9  E l 5  J / y  
m i l k :  (271 E6 kg )  ( 2 . 7  E6 J / k g )  = 0 . 7  E l 5  J / y  
- (2511  E6 k g ) ( 2 . 7 E 6  ~ / k g )  = -6.8 E l 5  ~ / y  
c h e e s e :  (271 E6 kg )  ( 1 3 . 5  E6 J / k g )  = 3 .7  E l 5  J / y  
g r a i n :  (3184 E6 k g ) ( 1 3 . 9  E6 J / k g )  = 44.3  E l 5  ~ / y  
lumber:  (8010 E6 k g )  (13 .8  E6 J /kg  = 108.1 ~ 1 5  ~ / y  
158 .5  E l 5  J / y  
ETR ( f o o d ) :  6 .84 E 4  
ETR ( h a r d  wood) : 3 * 0 8  E 5 1  1.57  E5 ETR ( s o f t  wood):  6 .72  E3 
7. Goods u s e d ,  whose v a l u e  i s  i n  i t s  c o n c e n t r a t i o n  ( S t a t i s -  
t i s c h e s  J a h r b u c h  f . d .  FRG 1981) 
Phospha te :  
i m p o r t  : 9.752 E5 t / y  
e x p o r t :  0.547 E5 t / y  
i m p o r t - e x p o r t :  9 .205  E5 t / y  
A c t u a l  e n e r g y  (Appendix A61 : 1 .6  E9 J/t 
( N H 4 )  2  SO4 
i m p o r t  : 2.319 E6 t / y  
e x p o r t :  2.900 E6 t / y  
i m p o r t - e x p o r t  -0.581 E6 t / y  
A c t u a l  e n e r g y  ( S l e s s e r  and  Lewis 1979)  : 14 .5  E9 J / t  
F o o t n o t e s  t o  T a b l e  1 1 . 1  c o n t i n u e d ,  
C e m e n t  : 
i m p o r t  : 
expor t  : 
i m p o r t - e x p o r t :  - 0 . 6 3 1  E6 t / y  
a c t u a l  e n e r g y  ( S l e s s e r  a n d  L e w i s  1 9 7 9 ) :  0 . 1 8  E9  J / t  
N a c l :  
i m p o r t  : - 
expor t :  - 2 4 9 9 3 0 0  t / y  
i m p o r t - e x p o r t :  - 2 4 9 9 3 0 0  t / y  
a c t u a l  e n e r g y :  G  = ( 8 . 3 3  J / m o l / d e g )  ( 3 0 0 ~ ~ )  9 9 9 9 8 0  4 0  g / m o l  109, 1  
= 8 . 6 3  E 5  J / k g  
F e - o r e  : 
i m p o r t  : 
expor t  : 
-~ -- 
i m p o r t - e x p o r t :  4 9 . 1  E6 t / y  
a c t u a l  e n e r g y  ( e x t r a p o l a t e d  f r o m  G i l l i l a n d  e t  a l .  1 9 7 8 ) :  
3 . 3 7  E7 J / t  
( 4 9 . 1  E6  t / y )  ( 3 . 3 7  E 7  J / t )  = 1 . 6 5  E l 5  J / y  
Raw F e  a n d  s t e e l :  
i m p o r t  : 0 . 2 7  E 3  t / y  
expor t :  0 . 6 8  E 3  t / y  
i m p o r t - e x p o r t  - 0 . 4 1  E 3  t / y  
a c t u a l  e n e r g y  ( ex t r apo la t ed  f r o m  G i l l i l a n d  e t  a l .  1 9 7 8 ) :  
9 0 . 4  E6 ~ / t  
( - 0 . 4 1  E 3  t / y )  ( 9 0 . 4  E6  J / t )  = 3 . 7  E l 0  J / t  
R e f i n e d  F e  a n d  S t e e l :  
i m p o r t :  1 4 . 7  E6  t / y  
expor t  : 2 1 . 9  E6 t / y  
i m p o r t - e x p o r t :  - 7 . 2  E6  t / y  
a c t u a l  e n e r g y ( e x t r a p o 1 a t e d  f r o m  G i l l i l a n d  e t  a l .  1 9 7 8 )  : 
9 0 . 4  E6  J / t  
( - 7 . 2  E6  t / y ) ( 9 0 . 4  E 6  J/t)  = 6 . 5 1  E l 4  J /Y 
Footnotes to Table 1 3 . 1  continued. 
Cu-ore : 
import : 1.1 E6 t/y 
export: 1 .O E4 t/y 
import-export: 1.1 E6 t/y 
actual energy (Lavine and Butler 1982): 1.65 E6 J/t 
Cu-products: 
import : 0.9 E6 t/y 
export: 0.5 E6 t/y 
import-export: 0.4 E6 t/y 
actual energy (Lavine and Butler 1982): 1.7 E8 ~ / t  
Bauxite : 
import : 3.7 E6 t/y 
export : 2.1 E4 t/y 
import-export: 3.67 E6 t/y 
actual energy (Lavine and Butler 1982): 6.5 E7 J/t 
A1 and Al-products: 
import : 0.88 E6 t/y 
export : 0.60 E6 t/y 
import-export: 0.28 E6 t/y 
actual energy (Lavine and Butler 1982): 2.0 E8 J/t 
8. Iron and steel end-products (machines) 
import : 
export : 
import-export: -7.6 EG t/y 
actual energy (see App. 13 Table 13c): 90.4 E6 J/t 
F o o t n o t e s  t o  T a b l e  3 3 . 1  c o n t i n u e d .  
9 .  C h e m i c a l  p r o d u c t s  
i m p o r t :  9 . 9  E6  t / y  
expor t  : 3 . 2 7  E6 t / y  
i m p o r t - e x p o r t :  6 . 6 3  E6 t / y  
a c t u a l  e n e r g y  (Odum e t  a l .  1 9 8 3 ) :  2 7 . 9  E9 J/ t  
1 0 .  C o a l  
S t o n e - c o a l :  
i m p o r t  : 8 . 9 1  E6  t / y  
e x p o r t :  2 7 . 5 9  E6  t / y  
i m p o r t - e x p o r t  - 1 8 . 6 8  E6  t / y  
a c t u a l  e n e r g y  ( S t a t i s t i s c h e s  J a h r b u c h  f e d .  FRG) : 3 0 . 6 5  E9  J/ t  
L i g n i t e  : 
i m p o r t :  2 . 4 4  E 6  t / y  
e x p o r t :  0 . 8 2  E6  t / y  
- -  
i m p o r t - e x p o r t  1 . 6 2  E6  t / y  
a c t u a l  e n e r g y  ( S t a t i s t i s c h e s  J a h r b u c h  f . d .  F R G ) :  1 6 . 2 6  E9 J / t  
S t o n e  c o a l  - 5 . 7 3  E l 7  J / y  
+ 
L i g n i t e  + 0 . 2 6  E l 7  J / y  
- 5 . 4 7  E l 7  J / y  
C o a l  expor t :  
s t o n e - c o a l  2 7 . 5 9  E6 t / y  
a c t u a l  e n e r g y  ( 3 0 . 6 5  E9  J / t ) ( 2 7 . 5 9  E6 t / y )  = 8 . 4 6  E l 7  ~ / y  
l i g n i t e  0 . 8 2  E6  t / y  
a c t u a l  e n e r g y  ( 1 6 . 2 6  E 9  J / t ) ( 0 . 8 2  E6 t / y )  = 0 . 1 3 3  E l 7  J / y  
t o t a l  e x p o r t  of coal :  
Footnotes to Table 11.1 continued. 
Coal used inside 
stone coals: 65.7 E6 t/y 
lignite: 121.3 E6 t/y 
actual energy (stone coal) 30.65 E9 J/t 
actual energy (lignite) 16.26 E9 J/t 
1 1 .  Crude oil 
import: 1.12 E8 t/y 
export: - 
actual energy (Table 2.1): 4.5 El0 J/t 
12. Natural gas 
import: 39717 E6 m3/y 
export: - 
actual energy (Stat. Jahrbuch f.d. FRG): 35169 E3 J/m 3 
13. Electricity 
import : 2.264 El5 J/y 
inside use: 1.13 El8 J/y 
output of nuclear plants: 9.1 El6 J/y 
T a b l e  1 1 . 2 .  E n e r g y  s t o r a g e s  o f  t h e  FRG. 
Energy 
Actual Transfor .  Embodied 
Foot- energy Rat io  (ETR) s o l a r  energy 
note  Type of energy J SE J/ J ~ 2 3  S E J / ~  
1 Coal r e s e r v e s  7 . 3 2  E21 3.98 E4 
2  P l a n t  biomass 1.64 El6 1.76 E4 
3 Water & groundwater 
chemical p o t e n t i a l  1.97 El9 41068 
4 Topsoi l  7.05 El9 6.25 .E4 
F o o t n o t e s  t o  T a b l e  1 1 . 2 .  
1 .  C o a l  reserves 
S t o n e - c o a l  reserves ( J a h r b u c h  f .  B e r g b a u  1 9 8 2 / 8 3 )  2 3 0  2 0 0  E6 t 
A c t u a l  e n e r g y  ( S t a t i s t .  J a h r b u c h  f .  FRG) 2 9 . 8 9  E9 J/ t  
( 2 3 0  3 0 0  E6 t )  ( 2 9 . 8 9  E9 J / t )  = 6 . 8 8  E21 J 
L i g n i t e  reserve ( J a h r b u c h  f .  ~ e r g b a u  1 9 8 2 / 8 3 )  5 5 0 0 0  E6 t 
A c t u a l  e n e r g y  ( S t a t i s t .  J a h r b u c h  f .  FRG) 8 . 0 8  E9 J/ t  
(55 000  E6 T )  ( 8 . 0 8  E9  J / t )  0 . 4 4  E21 J 
T o t a l  coal  reserves 7 . 3 2  E21 J 
2.  P l a n t  biomass ( c h e m i c a l  p o t e n t i a l )  
L a n d  u s e  ( C o l l i e r  198'1 ) 
3 5 . 5 %  crop l a n d  
2 9 . 4 %  f o r e s t  
2 4 . 2 %  p a s t u r e  l a n d  
1 0 . 9 %  u r b a n ,  t r a n s p o r t a t i o n  
A c t u a l  e n e r g y  ( W h i t t a k e r  1 9 7 5 )  : 
N e t  p r i m a r y  C o m b u s t i o n  L a n d  u s e  A c t u a l  
- 
p r o d u c t i o n  e n e r g y  
t / k m 2  / y  E l 0  J / t  E4 km2 J/Y 
C u l t i v a t e d  l a n d  0 . 6 5  1 . 7 2  8 . 8  9 . 8  E l 4  
Warm t e m p e r a t e  
m i x e d  f o r e s t  0 . 5 0  1 . 9 7  7 . 3  7 . 2  E l 4  
T e m p e r a t e  g r a s s l a n d  1 . 0  1 . 6 7  6 . 0  1 0 . 0  E l 4  
F o o t n o t e s  t o  T a b l e  1 1 . 2  con t inued  
T u r n o v e r  t i m e  f o r  w a r m  t e m p e r a t e  m i x e d  fo res t  2 0  Y  
A c t u a l  energy produc t ion  p e r  year  7 . 2  E l 4  J / y  
( 7 . 2  E l 4  J / y )  ( 2 0  y )  = 1 . 4 4  E l 6  J 
T o t a l  organ ic  m a t t e r  
C u l t i v a t e d  l a n d  ( t u rnove r  t i m e - =  1  year)  9 . 8  E l 4  J 
Warm t e m p e r a t e  m i x e d  fores t  ( t u rnove r  t i m e  = 2 0  y e a r s l l . 4 4  E l 6  J 
T e m p e r a t e  g r a s s l a n d  ( t u r n o v e r - t i m e  = 1  year)  1 0 . 0  E l 4  J 
1 . 6 9  E l 6  J 
3 .  G r o u n d w a t e r ,  c h e m i c a l  p o t e n t i a l  
E s t i m a t e d  v o l u m e  of ground w a t e r :  
(dep th)  (area)  ( p o r o s i t y )  
( 1 0 0  m ) ( 2 4 8  6 4 3  E 6  m 2 ) ( 0 . 1 6 )  = 3 . 9 8  E l 2  m  3  
( v o l u m e )  ( d e n s i t y )  ( G )  
4 .  T o p s o i l  
A r e a s  i n  F o o t n o t e  2 ;  organic  c o n t e n t ,  B r a d y  ( 1 9 7 4 )  
( 7 . 3  E 6  ha fo res t )  ( 1 7 6  E 6  g org./ha) ( 5 . 4  k c a l / g )  ( 4 1 8 6  J / k c a l )  
= 2 . 9 0  E l 9  J 
( 1 6 . 1  E 6  ha A g r i c . )  ( 1 1 4  E 6  g org. /ha)  ( 5 . 4  k c a l / g )  ( 4 1 8 6  J / k c a l )  
= 4 . 1 5  E l 9  J 
T o t a l :  ( 2 . 9 0  + 4 . 1 5 )  E l 9  J 
T a b l e  1 1 . 3 .  S u m m a r y  f l o w s  f o r  West G e r m a n y  i n  F i g u r e  1 1 . 4 .  
L e t t e r  i n  
F igure  Item 
Embodied 
So la r  Energy D o l l a r s  
E22 SEJ/y E9 $/Y 
Renewable sources  used,  
SEJ/yr ( r a i n ,  chem . ) 
Nonrenewable sou rces  flow 
wi th in  t h e  count ry  (SEJ/yr) : 
-N d i spe r sed  r u r a l  source  ( S E J / ~ ~ )  
0 
-N concent ra ted  use (SEJ/yr) I 
-N exported wi thout  use  ( i r o n )  2  
Imported mine ra l s  & f u e l s  (SEJ/yr) 
Imported goods (SEJ/yr) 
Imported s e r v i c e  (SEJ/yr) 
Do l l a r s  p a i d  f o r  imports  ($/yr)  
Do l l a r s  p a i d  f o r  expor t s  ($/yr)  
Exported s e r v i c e s  (SEJ/yr) 
Exported p roduc t s ,  transformed 
wi th in  t h e  count ry  ( S E J / ~ ~ )  
( rubber ,  wood) 
Gross Nat iona l  Product  ($/yr)  
Rat io  embodied energy t o  d o l l a r  
of imports  (sEJ/$) (US) 1.85 El2 SEJ/$ 
Rat io  embodied energy t o  d o l l a r  
of country & f o r  i t s  expor t s  (SEJ/$) 2.45 El2 SEJ/$ 
Footnotes f o r  T a b l e  1 1 . 3 .  
R C h e m i c a l  p o t e n t i a l  energy i s  t h e  l a rges t  r e n e w a b l e  source 
( T a b l e  1 1 . 1 . ) :  1 . 9 3  E 2 2  S E J / y .  
-N N e t  l o s s  of ea r th  and s o i l  i s  t h e  dispersed  r u r a l  source 
O ( T a b l e  1 1 . 1 . ) :  0 . 5 4  E 2 2  S E J / y .  
-N 1 C o a l  use  w i t h i n  West G e r m a n y  ( T a b l e  1 1 . 1 . ) :  1 5 . 8  ~ 2 2  S E J / ~  
-N2 C o a l  e x p o r t  ( T a b l e  1  1  . 1  . ) : 3 . 4 2  E 2 2  S E J / y  
F Imported minerals and fuels (Table 11.1.): 
Iron ore 9.93 E22 SEJ/y 
Bauxite 0.33 E22 SEJ/y 
Phosphate 6.08 E22 SEJ/y 
Gas 6.7 E22 SEJ/y 
Oil 26.7 E22 SEJ/y 
49.74 E22 SEJ/y 
G Imported goods (Table 1 1 .1 . ) : 
Aluminum 91.3 E22 SEJ/y 
Chemical products 0.6 E22 SEJ/y 
Electricity 0.036 E22 SEJ/y 
91.936 E22 SEJ/y 
'23 I3 = $ paid for imported service (1979) (Statistisches Jahrbuch f.d. FRG 1981): 
I $ paid for imports (1979) (Statistisches Jahrbuch f.d. FRG, 
1981) 206 E9 $/y 
E $ paid for exports (1979)(Statistisches Jahrbuch f.d. FRG, 
1981) 201 E9 $/y 
PIE3 E3 = $ received for exports (1979)(Statistisches Jahrbuch 
f.d. FRG q981): 89 092 E6 D M / ~  = 45478 E6 $/y 
B Exported products transformed within the country 
(Table 1 1  .I) : 
(NH412 SO4 1.43 E22 SEJ/y 
refined iron & steel 1.20 E22 SEJ/y 
machines 4.77 E22 SEJ/~ 
coal 2.18 E22 SEJ/y 
Footnotes for Table 11.3. continued 
X Gross National Product (1979) (Stat. Jahrbuch f.d. FRG 1981): 
715 E9 $/y 
P 2 US energy/$ ratio (Appendix A4): 1.85 El2 SEJ/$ 
P 1  Energy/$ ratio 
Table 11.4, Indices using embodied energy for overview of 
West Germany. 
Item Name of index and expression, see Figure 6.6 
Renewable embodied 
energy flow 
2 Flow from indigenous non- 
renewable reserves  N 
3 Flow of imported 
embodied energy 
4 Tota l  embodied 
energy inflows 
5 Tota l  embodied 
energy used, U 
6 Total  exported 
embodied energy 
7 Frac t ion  of embodied 
energy used derived (No+N1+R) /U 
from home sources 
8 Exports minus imports ( N  +BP E )  - (F+G+P21) -116.82 E22 
2 1 
9 Ratio of expor ts  
t o  imports ( N  +B+P E)/(F+G+P21) 0.24 2 1 
10 Fract ion used, 
R/u .01 l o c a l l y  renewable 
11 Fract ion  of use 
purchased 
12 Fract ion used t h a t  
i s  imported se rv ice  
13 Fract ion of use 
t h a t  is  f r e e  
14 Ratio of concentrated 
t o  r u r a l  
15 Use per  u n i t  a rea  
(248643 E6 m 2 )  U/ (area)  
16 Use per  c a p i t a  
(61.56 E6) U/ (population) 
17 Renewable car ry ing capacity 
a t  present  l i v i n g  standard (R/U) (populat ion) 6.79 E5 people 
18 Developed carry ing capaci ty  
a t  same l i v i n g  standard 8 (R/u)  (population) 5.43 E6 people 
19 ~ a t i o  f use t o  GNP 
(energy-dollar r a t i o )  
To ta l  use of nonrenewable resources,  N ,  i s  made up of t h a t  which i s  r u r a l l y  
dispersed and used, N . t h a t  used in tens ive ly ,  N1; and raw product exported 
o r  
without much transformation,  N 2 .  Whereas goods export  B and se rv ice  export ,  
P E carry  embodied energy t h a t  may be derived from imports,  they represent  1 
transformations and a r e  the  products of use. 
Discuss ion  
West Germany has  a  h igh  dependence on energy  s u p p l i e s  from 
o t h e r  c o u n t r i e s .  Only 1 0 %  of t h e  embodied energy used t o  r un  
t h e  economy i s  d e r i v e d  from home sou rce s ;  bo th  renewable sou rc e s  
( r a i n )  and nonrenewable s o u r c e s  ( c o a l ) .  Compared w i t h  t h e i r  r o l e  
i n  t h e  USSR ( 3 . 3 % ) ,  US (17%)  o r  Spain  ( 7 6 % ) ,  f o r e i g n  energy 
s u p p l i e s  a r e  a  major  e lement  i n  t h e  West German economy and 
a l s o  i n f l u e n c e  i t s  p o l i t i c s  such a s  f o r e i g n  and m i l i t a r y  a f f a i r s .  
A d r a m a t i c  economic d e c l i n e  can be  p r e d i c t e d  i n  c a s e  of energy- 
supp ly  s h o r t a g e  from t h e  o u t s i d e  world.  The f i r s t  s i g n s  of  
d e c l i n e  w e r e  s een  d u r i n g  t h e  o i l  shock i n  1973 which caused t h e  
f i r s t  b i g  r e c e s s i o n  a f t e r  t h e  Second World War. 
Car ry ing  c a p a c i t y  
I f  t h e  economy were runn ing  o n l y  on i t s  own renewable 
s o u r c e s ,  West Germany cou ld  on ly  suppo r t  1 . 1 %  o r  6.79 E5 peop le  
of t h e  p r e s e n t  p o p u l a t i o n  a t t o d a y ' s  s t a n d a r d  o f  l i v i n g .  The 
developed c a r r y i n g  c a p a c i t y  i s  t h e  number o f  peop le  t h e  coun t ry  
could  s up p o r t  i f  it a t t r a c t s  8 t i m e s  more non-renewable energy 
than  renewable energy ,  a s  t h e  US does .  I n  West Germany t h e r e  
would be 5.43 E6 peop le  o r  8 .8% of t h e  c u r r e n t  popu l a t i on .  Thus, 
it seems t h a t  i n  t e r m s  o f  a t t r a c t i n g  o u t s i d e  energy t o  match and 
i n t e r a c t  w i t h  i t s  own renewable energy ,  t h e  FRG i s  t e n  t i m e s  more 
"developed" t h a n  t h e  US. 
Energy use 
~t t h e  moment, every West German i n h a b i t a n t  uses  2.84 El6 
S E J / ~ .  I n  comparison, one person uses  i n  L i b e r i a  2.6 El6 S E J / ~ ,  
i n  t h e  USSR 1.69 El6 SEJ/y, i n  Dominica 8.2 El5 S E J / ~  and i n  
Spain 6.15 El5 S E J / ~ .  
An index which shows how much a country  i s  "developed" 
might be t h e  r a t i o  of e l e c t r i c i t y  consurnption/capita. With 
2 . 9  El5 SEJ/y, West Germany has  about t h e  same r a t i o  a s  t h e  
USSR, b u t  1.6 t imes t h a t  of Poland and 1 0 . 7  t imes t h a t  of L i b e r i a .  
The g r e a t  dependence of t h e  West German economy on non- 
renewable, mainly imported energy i s  shown i n  t h e  r a t i o  of t h e  
concent ra ted  ( f u e l ,  goods, s e r v i c e s )  t o  r u r a l  (chemical  p o t e n t i a l  
energy i n  r a i n  and s o i l  l o s s )  energy (Table  1 1 . 4 . )  In  t h e  FRG 
it i s  21 t imes of t h e  USSR and 1 0  t imes  of t h e  U S .  
Figure  11.4b. shows t h a t  d e s p i t e  t h e  more o r  l e s s  balanced 
money flow (Table 1 1 . 3 . ) ,  t h e  FRG sends  6.4 t imes  l e s s  embodied 
energy o u t  of t h e  country  than  it a c t u a l l y  imports .  This  f a c t  
i s  one of t h e  reasons  why t h e  West German economy i s  one of t h e  
most prosperous  i n  t h e  world .  
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12. ENERGY ANALYSIS OVERVIEW OF THE U.S.S.R. 
Introduction 
This is an energy analysis overview of the main resource 
basis for the USSR. By estimating embodied energy of imports, 
fuels, and environmental energies,all on the same basis, perspec- 
tives are gained as to what is important. 
With a total area of 22,402,200 kmL, the Soviet Union is the 
world's largest nation, more than twice the size of Canada, China, 
or the USA, one-sixth of the earth's land surface. Its population 
density was 12/km2, with a 0.9 growth rate (U.N. 1981). The 
relatively low average population density results mainly from its 
position in cold, high latitudes, from 3 5 '  N to 78 '  N. A conven- 
tional and polar view of the geographical position of the USSR in 
the world (Figure 12.1) emphasizes its size and northern latitudes. 
The northern boundary is the Arctic Ocean which is frozen nearly 
all year. In no place does the Soviet Union touch open warm oceans. 
Its interior northern location imposes severe climatic restric- 
tions and consequent limitations on soil and habitability. Three- 
quarters of the population and agriculturally productive land are 
in the south and west. Many of the natural resources are far 
from these centers. The country stretches nearly 10,000 km. from 
west to east, crossing 1 1  times zones, a tremendous expanse in 
terms of transportation. 
The natural vegetation areas are shown in Figure 12.2. 
Precipitation is somewhat low over most of the USSR (average 
0.53 m/y) with a decline from the western boundary and the Pacific 
towards the interior. The tundra is underlain by permafrost; 
soils and vegetation are poorly developed. The taiga has shorter 
but colder winters, low rainfall and acid soils of coniferous 
forest. Much of the steppe lands are used for agriculture with 
heavy fertilization in less fertile parts. The steppe grades 
southwards through the dry semi-desert to true desert where, over 
large areas, there is little or no vegetation. The mountain 
vegetation varies from conifers to broad-leaved forests. 
About 10% of the land is arable and 15% is used for grazing. 
The major crops are wheat, corn, rye, potatoes and sugar beets. 
The USSR was formerly a net exporter of food, but now with meat 
consumption up and more grain needed to.feed livestock, some grain 
is imported. 
The USSR has close political, military, and trade ties with 
the other centrally planned economies. The Council for Mutual 
Economic Assistance (COMECON) included the USSR, the German Democratic 
Republic, Poland, Czechoslovakia, Bulgaria, Hungary, Albania, 




Methods o f  e n e r g y  a n a l y s i s  w e r e  t h o s e  g i v e n  i n  S e c t i o n s  1-5.  
The USSR e n e r g y  s y s t e m  was diagrammed and  e v a l u a t e d  i n  e n e r g y  
terms. A complex n a t i o n a l  d i a g r a m  drawn u s i n g  t h e  e n e r g y  s y s t e m s  
l a n g u a g e  i s  F i g u r e  12 .3 .  
Most d a t a  w e r e  d e r i v e d  f rom t h e  f o l l o w i n g  f i v e  r e f e r e n c e s ,  
Vienna  I n s t i t u t e  f o r  Compara t ive  Economic S t u d i e s  1981 ,  COMECON 
F o r e i g n  T r a d e  Data; Dewdney, J . C . ,  1982,  U.S.S.R. i n  Maps; U n i t e d  
N a t i o n s  1981,  1979/80 S t a t i s t i c a l  Yearbook;  U n i t e d  N a t i o n s  1981 ,  
1980 Yearbook o f  I n t e r n a t i o n a l  T r a d e  S t a t i s t i c s  Vo l .  I .  Whereas 
t h e s e  d a t a  p r o v i d e  a g e n e r a l  o v e r v i e w  o f  t h e  USSR, a  more c o m p l e t e  
a n a l y s i s  o f  s o  l a r g e  a n d  complex a  n a t i o n  w i l l  r e q u i r e  a n a l y s i s  
of o t h e r  e n e r g y  f l o w s  n o t  y e t  i n c l u d e d  h e r e .  More d a t a  a r e  needed  
on embodied e n e r g i e s  o f  m i n e r a l s .  
An a g g r e g a t e d  d i a g r a m  w a s  u s e d  t o  r e p r e s e n t  t o t a l s  f o r  o v e r -  
a l l  compar i sons .  S e v e r a l  r a t i o s  ( o u t s i d e - i n s i d e  e n e r g y  r a t i o ,  
embodied e n e r g y  t r a d e  r a t i o ,  e t c . ) ,  w e r e  c a l c u l a t e d  t o  compare 
t h e  USSR w i t h  o t h e r  c o u n t r i e s  and  t o  s u p p o r t  p r e d i c t i o n s .  The 
g r o s s  n a t i o n a l  p r o d u c t  w a s  e s t i m a t e d  i n  t h r e e  ways.  
R e s u l t s  
F i g u r e  1 2 . 3  shows t h e  e n e r g y  s y s t e m  o f  t h e  USSR which  i n c l u d e s  
o u t s i d e  e n e r g y  s o u r c e s ,  p r o d u c t i v e  l a n d  u s e s ,  m i n e r a l  s t o r a g e s ,  
i n d u s t r i e s  and t h e  p r i m a r i l y  hurnan s y s t e m s .  
The e n e r g y  f l o w s  a r e  summarized i n  T a b l e  12 .1  and  t h e  s t o r -  
a g e s  i n  T a b l e  12 .2 .  S i n c e  t h e  embodied s o l a r  e n e r g y  i n  t h e  
c h e m i c a l  p o t e n t i a l  i n  r a i n  i s  l a r g e r  t h a n  any  o f  t h e  o t h e r  

T a b l e  12.1. m q y  f l o w s  of the U.S.S.R. 
Foot- 
no te  Type of Energy 
Actual  
Energy 
J / Y  
Energy 
Transformat ion Embodied 
Rat ion  SEJ/J S o l a r  Energy 
o r  SEJ/T E22 SEJ/y 
1. D i r e c t  s u n l i g h z  9.08 E22 
2. Wind, k i n e t i c  2.48 E20 
3. Rain ,  chemlcal  p o t e n t i a l  5 . 9  E l 9  
4. Raln, g e o p o t e n t i a l  1 .93  El9  
5. Tide 1.27 C18 
6. Waves 2.22 E l5  
7.  E a r t h  c y c l e  3.68 E l9  2.9 C4 77.7 




l ob .  
l l a .  
l l b .  
l l c .  






15a .  
Ca r th  d e p o s i t i o n ,  2.72 E8 T 
I r o n  p roduc t ion  
I r o n  e x p o r t  
Coal p roduc t ion  
Coal e x c o r t  
O i l  p rodnc t ion  
O i l  e x p o r t  
O i l  import  
Na tu ra l  Gas p r o d u c t i o n  
Na tu ra l  g a s  e x p o r t  
Na tu ra l  g a s  impor t  
Hardr:oo$ t irc3er h a r v e s t  
S o f t w 3 ~ 3  t imber  h a r v e s t  
Sof tviood t i r S e r  e x p o r t  
Mackiinery & equipment impor t s  
.3.3 E 6  T 
Machinery & e r j u i ~ m e n t  e x p o r t s  
1 .8  EGT 
Food impor t s  
E l e c t r i c i t y  p r o d u c t i o n  
l l y d r o e l s c t r i c i t y  
Kuclfar  e l e c t r i c i t y  
Minera ls ,  m e t a l s  i lnport  
Phosphate i m p o r t ,  8 .2  E3 T  
S e r v i c e s  i r ~  impor t s  
S c r v i c f s  i n  e x i ~ o r t s  
1 . 8 9  E l i  
F o o t n o t e s  f o r  T a b l e  1 2 . 1  
1 .  D i r e c t  s u n l i g h t  
A r e a :  2 2 . 4  E6 km2 = 2 2 . 4  E l 2  m2 (Dewdney  1 9 8 2 ) ;  
S h e l f  area: 4 1 3  E l 0  m2 (es t . )  ; 
T o t a l :  2 6 . 5  E l 2  m2 2  I n s o l a t i o n :  9 0  k c a l / c m  / y  ( S e l l a r s  1 9 6 5 )  
(area) (ave. i n s o l a t i o n )  
2  2  2  ( 2 6 . 5  E l 2  m2) ( 9 0  k c a l / c m  / y )  ( 4 1  8 6  J / k c a l )  ( 1  E4 cm /m ) 
= 9 . 9 8  E22  J / y  
2 .  Wi nd ,  k i n e t i c  
E d d y  d i f f u s i o n :  2 4 . 8 5  m3/m2/s; 
V e r t i c a l  g r a d i e n t :  6 . 5 6  E-3 m/s/m 
( u s i n g  A l b a n y ,  N . Y .  as s i m i l a r ,  Odum e t  a l .  1 9 8 3 ) .  
2  ( m a s s )  ( e d d y  d i f f u s i o n )  ( v e r t i c a l  g r a d i e n t )  (area) ( . 5 y )  
3  2  J a n .  : ( 1  m2) ( 1  0 0 0  m) ( 1 . 2 3  kg/m3) ( 2 4 . 8 5  m  /m /s)  ( 3 . 1 4  E7  s / y )  
( 6 . 5 6  E-3 m/s/m) ( 6 . 5 6  E-3 m/s/m) ( 2 2 . 4  E l 2  m2) = 4 . 7  E20  J / y  
J u l y :  ( 1  m2) ( 1  0 0 0  m) ( 1 . 2 3  kg/m3) ( 4 . 9 4  m3/m2/s) ( 3 . 1 5 4  E7  s / y )  
( 3 . 4 6  E-3 m/s/m) ( 3 . 4 6  E-3 mj s /m)  ( 2 2 . 4  E l 2  m2) ( . 5 )  = 2 . 5 7  E l 9  J / y  
Average t o t a l :  4 . 7  E20  + 0 . 2 6  E20  = 4 . 9 6  E20 /2  = 2 . 4 8  E20  J / y  
3 .  R a i n ,  c h e m i c a l  p o t e n t i a l  
R a i n f a l l :  5 3 0  mm/y = . 5 3  m/y ( B o c h k o v  e t  a l .  1 9 7 2 ) .  
( 2 2 . 4  E l 2  m2) ( . 5 3  m  / y )  ( 4 . 9 4  J / g )  ( 1  E6  g / m 3 )  : 5 . 9  E l 9  J / y  
4 .  R a i n ,  g e o p o t e n t i a l  
A v e r a g e  e l e v a t i o n :  4 4 0  m  ( e s t .  f r o m  Dewdney  1 9 8 2 ) ;  
r u n o f f :  0 . 2  m  ( B o c h k o v  1 9 7 2 )  
(area) (ave. e l e v a t i o n )  ( r u n o f f )  ( d e n s i t y )  ( g r a v i t y )  
( 2 2 . 4  E l 2  m2) ( 4 4 0  m) ( . 2  m/y) ( 1  E 3  kg/rn3) ( 9 . 8  m / s 2 )  
= 1 . 9 3  E l 9  J / y  
F o o t n o t e s  f o r  T a b l e  1 2 . 1  c o n t i n u e d  
5 .  T i d e  
C o n t i n e n t a l  s h e l f  e s t . :  4 1 3  E l 0  m2; ave. t i d e  h e i g h t :  0 . 9 3  m. 
( s h e l f  area)  ( 0 . 5 )  ( t i d e s / y )  ( h t )  ( d e n s i t y )  ( g r a v i t y )  ( I  absorb . )  
6 .  Waves absorbed a t  t h e  s h o r e  
S h o r e  of P a c i f i c  w i t h  w a v e s :  6  E6 m, es t ;  3 7 0  E6 J /m  ( C r a b b e  E 
M c B r i d e  1 9 7 8 ) .  
7 .  E a r t h  c y c l e  
2  Rock :  1 . 2  E6  J /m  / y  ( T a b l e  2 . 1 )  
( e n e r g y  f l o w  t h r o u g h  l a n d / m L )  (area)  
2  ( 1 . 2  E6 J /m  /y) ( 2 2 . 4  E l 2  m2) = 2 . 6 8  E l 9  J / y  
8 .  E a r t h  d e p o s i t i o n  
Av. e r o s i o n :  1 3 . 0 7  ~ / k m ~ / ~  ( S n e a d  1 9 8 0 )  ; t y p i c a l  f o r m a t i o n  
ra te :  31  . 2  g/m / y  ( T a b l e  2 . 1  ) . 
( f o r m a t i o n  r a t e )  (area o f  c o u n t r y )  - ( e r o s i o n  r a t e )  (area)  
2  2  2  2  ( 3 1 . 2  g/m / y )  ( 2 2 . 4  E l 2  m  ) - ( 1 9 . 0 7  g/m / y )  ( 2 2 . 4  E l 2  m  ) 
= - 5 . 6 7  E l 5  g / y  eroded = 2 . 7 2  E l 4  g / y  depos i ted  
T o p s o i l  d e p o s i t i o n :  
2  F a r m e d  area:  0 . 5 5  E l 3  m  , s u c c e s s i o n a l  area 0 . 7 5  E l 3  m  2  i (Dewdney  1 9 8 2 ) ;  average e r o s i o n  r a t e  6 8 7  g/m / y ,  average 2  f o r m a t i o n  r a t e  1 2 6 0  g/m / y  ( T a b l e  2 . 1 )  . 
( f a r m e d  area)  ( e r o s i o n  r a t e )  - ( s u c c e s s i o n a l  area)  ( f o r m a t i o n  r a t e )  
= - 5 . 6 7  E l 5  g / y  d e p o s i t e d  
( - - -  g / y )  ( 0 . 0 3  o r g a n i c )  ( 5 . 4  k c a l / g )  ( 4 1  8 6  J / k c a l )  
F o o t n o t e s  f o r  T a b l e  1 2 . 1  c o n t i n u e d  
( 5 . 6 7  E l 5  g / y )  ( 0 . 0 3 )  ( 5 . 4  k c a l / g )  ( 4 1 8 6  ~ / k c a l )  = 3 . 8 5  E l 8  J / y  
(ETR: 6 . 2 5  E4 S E J / J )  ( 3 . 8 5  E l 8  J / y )  = 2 . 4 0  E l  3  S E J / y  
9 a .  I r o n  p r o d u c t i o n  
I r o n - o r e  ( F e  c o n t e n t )  : 1 3 3  E6 T ,  1 9 7 8  ( U N  1 9 8 1 )  ; G i b b s  f ree  
e n e r g y :  1 4 . 2  J /g  ( G i l l i l a n d  1 9 8 3 )  . 
9 b .  E x p o r t :  1 7 %  ( G o l d m a n  1 9 7 9 )  
( 1 1 3 6 . 9  ~ 2 0 )  ( . 1 7 )  = 1 9 3  E20  S E J / ~  
1 0 a .  C o a l  p r o d u c t i o n  
P r o d u c t i o n :  7 2 4  E6 T ,  1 9 7 8  (Dewdney  1 9 8 2 ) .  
( 7 2 4  E6 T / y )  ( 3 . 1 8  E l 0  J / T )  = 2 . 3 0  E l 9  J / y  
1  Ob. E x p o r t :  ( 1 . 4  E9 $ )  ( $ 5 0 . 3 2 / s .  t . )  ( 0 . 9  s . t . / T )  = 2 . 5  E7  T  
( 2 . 5  E7  T ) ( 3 . 1 8  E l 0  J / T )  = 7 . 9 6  E l 7  J / y  
I l a .  O i l  p r o d u c t i o n  
P r o d u c t i o n :  5 7 2  E6  T ,  1 9 7 8  ( U N  1 9 8 1 a ) .  
( 5 7 2  E6 T )  ( 7 . 5  b b l / T )  ( 6 . 2 8  E9 J /bb l )  : 2 6 . 9  E l  8  J / y  
1 1 b .  E x p o r t :  2 7 %  (J t .  E c .  Corn. 1 9 7 9 )  
( 2 6 . 9  E l 8  J / y )  ( . 2 7 )  = 7 . 2 7  E l 8  J /Y 
I l c .  O i l  i m p o r t :  9  E6 T /y  
( 9  E6 T /y )  ( 7 . 5 . b b l . / ~ )  ( 6 . 2 8  E9 ~ / b b l . )  = 4 . 2 4  E l 7  ~ / y  
1 2 a .  N a t u r a l  gas p r o d u c t i o n  
3  P r o d u c t i o n :  4 0 7  E9 m  , 1 9 7 9  (Dewdney  1 9 8 2 )  . 
( 4 0 7  E9 m3) ( 1 . 1  G  J / 2 8 . 3  m3) (1  E9 J / G J )  = 1 . 5 8  E l  9  J / y  
Footnotes to Table 12.1 continued 
12b. Export: 6% (Jt.Ec.Com. 1979); to west: 40% of export. 
7584 E20 ~~J/y)(.06) = 455 E20 SEJ/~ 
12c. Natural gas import 
1976: 1.18 E7 thousand m3 (UN Trade 1981b). 
3 3 11.8 E9 m ) (1.1 GJ/28.3 m ) (1 E9 J/GJ) = .46 E 18 J/y 
13. Hardwood timber harvest 
3 Total timber harvest: 350-380 E6 m /y; 325 E6 m3 is soft- 
wood, con;. ers (Dewdney 1982); hardwood density: 5 0.8 E6 g/m . 
14a. Softwood timber harvest 
Density: 0.5 E6 g/m3; 4 kcal/g. 
l4b. Export: 4-5% of softwood (Dewdney 1982). 
(703 E20 SEJ) ( .05) = 35.2 E20 SEJ 
15a. Machinery and equipment 
32% of exports (52.2 E9 $ )  = 12.4 E9 $ ;  61% of imports 
(50.5 E9 $ )  (colliers) ; T/$ for machine tools (UN Trade 1981 b) ; 
(5140 T)/(46.7 E6 $ )  = 1.1 E-4 T/$. 
imports: (.61) (50.5 E9 $US) = 3.0 El0 $ ;  (3 ~ 1 0  $ )  
15b. exports: (.32) (52.2 E9 $US) = 1.67 El0 $ ) ;  (1.67 El0 $ )  
(1.1 E-4 T/$) = 1.8 E6 ~ / y  
Footnotes to Table 12.1 continued 
16. Food imports 
Food imports, 1978: 8.0 E9 $; 9.8 E6 T, est. from food 
imports (UN 1982); 4 kcal/g. 
17a. Electricity production 
Production: 1,295 E9 kWh (UN 1982). 
(1.295 El 2 kWh/y) (3.6 E6 J/kWh) = 4.66 El 8 J/y 
17b. Hydroelectricity 
0.169 El2 kWh (UN 1982) 
(.I69 El2 kWh) (3.6 E6 J/kWh) = 6.08 El7 J/y 
17c. Nuclear electricity 
0.039 E12 kWh (UN 1982) 
(0.039 El 2 kWh) (3.6 E6 J/kWh) = 1.4 El 7 J/y 
18. Metals and mineral imports 
10% of imports (Colliers 1982); imports: 50.5 E9 $ (UN 
198la). G-= 90.4 E6 J/T; .002 T/$ (UN Trade 1981). . . 
(.1)(50.5 E9 $ )  = 5.05 E9 $ almost equal to 4.9 E9$, iron 
and steel (UN Trade 198 1 ) . 
ETR of refined iron and steel, Appendix A13. 
19. Phosphate fertilizer import 
Import: 8200 T/y (FA0 1978). Production: 5.59 E6 T. 
Import 0.1 % of amount used. 
20. Service in imports 
Imports, 1978: 50.5 E9 $US (UN 1981a); (see Table 12.3, P21) 
4.2 E22 SEJ/y 
F o o t n o t e s  t o  T a b l e  1 2 . 1  c o n t i n u e d  
2 1 .  Service i n  e x p o r t s  
E x p o r t s ,  1 9 7 8 :  5 2 . 2  E9  $US (UN 1 9 8 1 a )  ; ( T a b l e  1 2 . 3 ,  P I I )  
5 . 0  E 2 2  s E J / ~  
T a b l e  1 2 . 2 .  E n e r g y  s t o r a g e s  of t h e  U . S . S . R .  
Foot- 
no te  Type of Energy 
Energy 
Actual  Transforma. - Embodied 
Energy Ra t io  (ETR) - .So la r  Energy 
J SEJ/J E24 SEJ 
1 S o i l ,  chemical p o t e n t i a l  4.69 E l8  
2 Fo re s t  wood, c o n i f e r s  2.22 E21 
3 Fo re s t  wood, deciduous 3.52 E20 
4 Water s t o r a g e ,  chemical 2.22 E20 
5 I r o n ,  chemical p o t e n t i a l  1.57 El8 
6 Coal 8 .8  E21 
7 Natura l  ga s  3.8 E20 
8 O i l  3.8 E20 
Footnotes  f o r  Table 12.2 
1. S o i l ,  chemical p o t e n t i a l  
Sur face  s o i l :  0.8m deep; average organic  m a t t e r  taken from a s i m i l a r  
US a rea :  3.3% (Brady 1974) . 
(volume) ( d e n s i t y )  (o rgan ic  f r a c t i o n )  ( G )  
2 3 3 3 ( - 8  m)  (22.4 El2 m ) (1 E6 Cm /m ) (1.47 g/m ) ( .033) (5.4 kca l /g)  = 4.69 El8 J 
2. Fo re s t  wood, c o n i f e r s  
2 Fo re s t s :  700 E6 h e c t a r e s  = 700 El0  m , 90% c o n i f e r s  (Dewdney 1982) ;  
t a i g a :  60% = 170 T/ha, 40% = 260-280 T/ha (IIASA Data Bank) 
F o o t n o t e s  t o  T a b l e  12 .2  c o n t i n u e d  
3. F o r e s t  wood, d e c i d u o u s  
10% o f  f o r e s t ;  30 kg  /mL ( L i e t h  & W h i t t a k e r  1 9 7 5 ) ;  4 ~ / g .  
2 2 (.I) (700 E l 0  m ) (3 .0  E4 g/m ) ( 4  k c a l / g )  (4186 J / k c a l )  = 3.52 E20 
4. Water s t o r a g e ,  chemica l  p o t e n t i a l  
3 45,000 km f r e s h  water i n c l u d i n g  l a k e s ,  swamps, g l a c i e r s  and snow c o v e r ,  
r i v e r  i c e  f i e l d s .  (Bochkov 1982)  . 
5 .  I r o n  chemica l  
World r e s e r v e s ,  1972:  251,000 E6 T,  USSR 44% ( ~ l e x a n d e r s s o n  and 
Klevebr ing  1978) ; 14 .2  J /q  ( G i l l i l a n d  1983)  . 
6 .  Coa l  
Known r e s e r v e s :  2.76 E l l  T (UN 1981a)  . 
(2 .76  E l l  T ) ( 3 . 1 8  E l 0  J/T) = 8 . 8  E21 J 
7.  N a t u r a l  g a s  
Rese rves :  23.0 ~ 1 2  m3 (UN 1 9 8 1 a )  . 
3 3 (22 .4  E l 2  m ) (1.1 GJ/28.3 m ) ( I  E9 J/GJ) = 8 .7  E20 J 
8. O i l  
Rese rves :  7990 E6 T (UN 1981a)  . 
(7.99 E9 T) ( 7 . 5  bbl /T)  (6 .28  E9 J / b b l )  = 3.8  E20 J 
s o l a r - b a s e d  s o u r c e s ,  it w a s  used  as t h e  c o u n t r y ' s  o u t s i d e  renew- 
a b l e  e n e r g y  f l o w  f a r  f u r t h e r  c a l c u l a t i o n s .  S e v e n t y - t h r e e  p e r c e n t  
o f  t h e  economy r u n s  on t h e  i n d i g e n o u s  nonrenewable  s t o r a g e s  o f  
f u e l s  and m i n e r a l s .  Only a b o u t  3% i s  dependen t  on i n t e r n a t i o n a l  
t r a d e .  
The S o v i e t  Union h a s  many m i n e r a l  r e s o u r c e s .  I t  i s  t h e  
w o r l d ' s  l e a d i n g  p r o d u c e r  o f  i r o n ,  l e a d ,  manganese,  mercu ry ,  p o t a s h  
and s i l v e r ,  and t h e  second  o r  t h i r d  l a r g e s t  p r o d u c e r  o f  a s b e s t o s ,  
chrome, c o b a l t ,  c o p p e r ,  diamonds,  g o l d ,  m a g n e s i t e ,  n i c k e l ,  phos- 
p h a t e ,  s a l t ,  s u l f u r ,  t u n g s t e n ,  vanadium and z i n c .  The USSR i s  
s e l f - s u f f i c i e n t  i n  most  m i n e r a l s ,  w i t h  i m p o r t s  of  b a u x i t e  and 
t i n  (Dowdney 1 9 8 2 ) .  
S o v i e t  f u e l  p r o d u c t i o n  n o t  o n l y  s u p p l i e s  d o m e s t i c  n e e d s ,  
b u t  a l s o  p e r m i t s  c o n s i d e r a b l e  e x p o r t .  A f t e r  S a u d i  A r a b i a ,  it 
i s  t h e  l a r g e s t  e x p o r t e r  of  o i l ;  a f t e r  t h e  N e t h e r l a n d s ,  it i s  
t h e  l a r g e s t  e x p o r t e r  o f  n a t u r a l  g a s .  Only 10% of  t h e  f u e l  r e s e r v e s  
a r e  i n  t h e  European p a r t  which i s  c l o s e  t o  t h e  c e n t e r s  of  popu la -  
t i o n  and i n d u s t r y .  Many of  t h e  l a r g e s t  f u e l  d e p o s i t s  a r e  i n  
S i b e r i a  and C e n t r a l  A s i a ,  f a r  from t h e  main consuming c e n t e r s  
and i n  areas of  h a r s h  c l i m a t i c  c o n d i t i o n s .  I n  1978,  S i b e r i a  
produced  a b o u t  a t h i r d  o f  t h e  c o u n t r y ' s  o i l ,  c o a l  and n a t u r a l  g a s .  
Of t h e  1 . 3  t r i l l i o n  kwh o f  e l e c t r i c i t y  p roduced  i n  1978,  
a b o u t  13% was from h y d r o e l e c t r i c  power p l a n t s  and 5-674 f rom 
n u c l e a r  p l a n t s .  Most o f  t h e  t h e r m a l  p l a n t s  u s e  c o a l .  The re  a r e  
s e v e r a l  h y d r o - p l a n t s  unde r  c o n s t r u c t i o n  and t h e  p o t e n t i a l  i s  f o r  
more hydro-power.  
Energy-dollar Aatio 
The energy-dollar ratio (Figure 12.4 and Table 12.3) for 
the USSR in 1978 was calculated from the chemical potential energy 
of water, imported goods and services, indigenous nonrenewable 
energy sources and the Gross National Product. 
The USSR energy/$ ratio of 3.37 El2 SEJ/$ is about 30% more 
than that of the US (2.37 El2 SEJ/$) and of the Federal Republic 
of Germany (2.45 El2 SEJ/$). For every dollar that an importer 
paid the USSR, he received 30% more embodied energy than that 
dollar would buy in the US or West Germany. 
Energy Eualua6ion of the Balance of Trade 
The embodied energy in international trade is given in 
Figure 12.4b. The energy flows for the exports were calculated 
from the energies of the flows of goods added to the service 
labor energy calculated with the energy/$ ratio of the USSR. The 
energy of the service labor flows in the imports were calculated 
proportionately using the energy/$ ratios of several countries 
from which the imports came. 
The money balance of payments shows that the USSR received 
$2 billion more than it paid for imports. On an embodied energy 
basis, however, the trade ratio shows a large net loss; exports 
were 1.7 times more than imports. The country's greater embodied 
energy in exportswasmostly in exported fossil fuels which have a 











Figure 12.4. Summary diagrams of the embodied energy 
flows of the U.S.S.R. (a) main flows; 
(b) three-arm diagram. 
Table 12.3. Summary flows for U.S.S.R. in Figure 12.4. 
Embodied 
Solar Energy 
Letter in E22 Dollars 
Figure 12.4 Item SEJ/Y E9 $ /Y 
R Renewable sources used (rain,chem.) 91.1 - 
Nonrenewable indigenous sources 
N dispersed rural sources - 
0 
N1 Concentrated urban use (iron, 
coal, oil, gas) 278.9 
N ~xported without use (iron, 
coal, oil, gas) 48.2 
F Imported minerals and fuels 4.4 - 
G Imported goods 3.9 - 
'2'3 Imported service 4.2 - 
I ~ollars paid for imports,l978 - 50.5 
E Dollars paid for exports,l978 - 52.2 
'lE3 Exported service 5.0 - 
Exported products transformed in 
the country (wood, machinery) 1.4 
X Gross national product - 1300. 
'2 Embodied energy/dollar ratio of US 2.37 El2 SEJ/$ 
' 1 Embodied energy/dollar ratio of USSR 3.37 E12 SEJ/$US 
Footnotes to Table 12.3 
R Chemical potential energy of rain is the largest renewable 
source (Table 12.1): 91.12 E22 SEJ/y 
N1 Used in the country: E22 SEJ/y; iron - 9.5, coal - 88.3, 
oil - 109.9, natural gas - 71.2 = 278.9 E22 SEJ/~ 
N2 Exported without use: E22 SEJ/~: iron - 1.9, coal ; 3.2, 
oil - 38.5, gas- 4.6 = 48.2 E22 SEJ/~ 
F o o t n o t e s  t o  T a b l e  1 2 . 3  c o n t i n u e d  
F  I m p o r t e d  f u e l s :  o i l  a n d  gas = 4 . 4  E 2 2  S E J / ~  
G  I m p o r t e d  goods: m a c h i n e r y  + food + m e t a l s  
P 2 1 3  T o t a l  i m p o r t s :  5 0 . 5  E9 $US;  t o  3  categories of c o u n t r i e s :  
1 7 . 6  E9 $ t o  developed m a r k e t ,  7 . 3  E9 $ t o  d e v e l o p i n g ,  
2 5 . 5  E9 $ t o  c e n t r a l l y  p l a n n e d  (UN T r a d e  1 9 8 1 ) .  U s i n g  
average e n e r g y / $  r a t i o s  f o r  e a c h  c a t e g o r y :  
( $ )  (average e n e r g y / $  r a t i o  of US, W e s t  G e r m a n y ,  S p a i n  - 
developed m a r k e t )  
( $ ) ( a v e r a g e  e n e r g y / $  r a t i o  of L i b e r i a  + D o m i n i c a  - d e v e l o p i n g )  
( $ 1  ( e n e r g y / $  app. r a t i o  of USSR - c e n t r a l l y  p l a n n e d )  
T o t a l :  3 1 . 4 2  E 2 2  S E J / ~  
E n e r g y / $  r a t i o  o f  i m p o r t s :  3 1 . 4 2  E 2 2  S E J / 5 0 . 5  E9 $ = 
6 . 2  E l 2  S E J / $  
S e r v i c e s  n o t  a l r e a d y  c a l c u l a t e d  i n  t h e  goods: 7 . 6  E9  $ 
( 6 . 7  E9 $ )  ' ( 6 . 2  E l 2  S E J / $ )  = 4 . 2  E22  S E J / y  
S e r v i c e s  n o t  a l r e a d y  c a l c u l a t e d  i n  t h e  f u e l  a n d  goods: 
1 4 . 8  E9 $ 
B  M a c h i n e r y  a n d  wood:  ( 1 0 6 . 0  + 3 5 . 2 )  E20  = 1 4 1 . 2  E20  S E J / ~  
X GNP: US, 1 9 7 8 ,  2 . 2  E l 2  $ ;  USSR, 6 0 %  of US = 1 . 3 2  E l 2  $US o r  
- p o p u l a t i o n :  2 . 6  E 8 ;  G N P / c a p i t a  $ 4 5 5 0 .  (World B a n k  1 9 8 2 )  = 
1 . 1 8  E l 2  $ o r  1 9 7 6 ,  $ 1 . 3  E l 2  ( G o l d m a n  1 9 7 9 ) ;  
1 . 3  E l 2  $ ~ ~ u s e d .  
N a t i o n a l  Over v i ew  R a t i o s  
Various r a t i o s  c a l c u l a t e d  from d a t a  i n  F igu re  12.4 and 
Table 12.3 a r e  g iven  i n  Table  12.4. 
Table 1 2 . 4 .  I n d i c e s  u s ing  embodied energy f o r  overview of 
t h e  U.S.S.R. 
Item Name of Index 
Expression 
See Figure 12.4 Value 
Ransvable a b o d l e d  ez+rgy flow 
Flow fron. ~nd iqenous  ?.onrenewable reserves  
Yicw of h p o r t e d  embodied snerqy 
Tota l  ?&lied er.crg.1 inflows 
Tota l  &died energy used, 5 
Total  ex2orted enbodied energy 
Fract ion  of d s d i e d  snerqy used 
derived fro- h0rr.e sources 
Xatio of exgor ts  , t o  Lnports 
Frac t ion  csed of l o c a l l y  zecewz5le 
Fraction used of x n z e ~ ? w & l e  l o c a l  
Traction of gse ~ .archased abrozd 
Fract ion  used t h a t  is L ~ p o r r e l  s e r ~ i z c  
Fract ion  of use tha= is  f r e e  
2 L'se s e r  '&-.it a raz  ( 2 2 . 4  EL2 ; )
Fuel pe r  c a 2 i t a  
3.eiene.xable c2zzyir.g capaci ty  a t  pi-2ser.t 
st&-.iar< of l i v i z g  
19. 3evelc?ed carry in?  ca2zcr ty  ar. C:e 
s a e  s tandard  or' l i ' l inq 
20. Ratio of u s e  ;o Gross Nr t iona l  3 r c t u c t  p =G/Cxp 
(enorgy- lo l lar  r a t i o )  1 
Discussion 
The USSR has a high degree of self-sufficiency. Ninety-seven 
percent of the embodied energy used to run the economy is derived 
from home sources; both renewable sources (e.g. sun, wind, waves 
and ice) and nonrenewable sources (e.g. soil, coal, oil, natural 
gas and iron). The 3% from foreign trade is a minor element in 
the economy when compared with its role in the Federal Republic 
of Germany (93%) or Spain (76%). 
Seventy-three percent of the economy runs on nonrenewable 
indigenous sources of fuels, metals, and minerals and only 24% on 
renewable sources. As the supplies of nonrenewable energies are 
being used up and those available become farther from the indus- 
trial areas, their net energy decreases and the economy may 
decline. 
C a r r y i n g  C a p a c i t y  
If the economy were running only on the renewable sources, 
it could support only about 24% of the population at the present 
standard of living (energy per person) or the same population at 
24% of the present energy per person. 
One index of the amount of development in a country is the 
ratio of fuels and goods to environmental energy. The USSR ratio 
of 4.4/1 compares with New Zealand of 0.77/1 and the US of 7/1. 
If the USSR developed more local fuel use to match its renewable 
energies, it might support a population 1.9 times the 1978 pop- 
ulation at the standard of living of that year. 
Whether proposals to increase agriculture production by 
redirecting excess water from the north toward the south would 
be a net benefit on an embodied energy basis remains for 
further analysis. 
E Z e c t r i c  Power 
The ratio of electric power to total power may be an index 
of the over or under development of an economy. The ratio 5or 
the USSR is .19, less than Spain ( .  22) , and about the same as 
New Zealand (.15). 
Additional hydroelectric power plants may be a better choice 
than more nuclear plants since the net energy yields of hydro- 
electric plants are often much more than nuclear plants. 
F o r e s t r y  Resources  and T r a n s p o r t a t i o n  
Soviet timber production is mostly softwood from the 
coniferous trees of the taiga, with a small amount of hardwoods. 
Most of the production and consumption is in the western regions 
where some deliberate reforestation has been necessary. In 
Siberia the annual cut is barely 10% of the annual growth. As 
the available wood becomes farther from its users its net energy 
becomes lower and it becomes more expensive. Plans are proposed 
to make wood products which have more embodied energy per unit 
than logs and boards. Theory suggests that products with more 
embodied energy per unit may be shipped further more economically. 
Soviet transportation policy has concentrated on freight 
handling and intensive use of railroads. A new railroad line, 
the Baykal-Amur Mainline (BAM) which will parallel the Trans- 
Siberian line, is designed to facilitate the exploitation of 
the natural resources of East Siberia and the Far East and to 
strengthen links between the western and eastern parts of the 
country. Extensive pipeline construction has created a network 
for oil and natural gas,most within the country, but some to 
European countries. 
I n t e r n a t i o n a l  Re l a t i o n s  
As shown in Figure 12.5b the imports and exports in dollars 
between the USSR and other centrally controlled economies was 
almost evenly balanced. However, Figure 12.5a shows that the 
embodied energy trade was unbalanced with 4% times more energy 
going from the USSR than it received from these countries. This 
imbalance was also true for the USSR's trade with the developed 
market economies. (See Table 12.5) . 
A traditional point of view would regard the deficit in 
foreign trade as limiting purchase of technical equipment abroad 
and advocate more export of products even at low prices. If, 
however, economic products are generated in proportion to embodied 
energy use, then an opposite policy would maximize the economy. 
Restricting exports of fuels and raw materials with more use at 
home would generate more capital assets and growth, ultimately 
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Figure 12.5. Import-export relations between 
the U.S.S.R., Comecon, and 
Western markets. (a) embodied 
energy, (b) dollars. 
Table 12.5. Summary of foreign trade with U.S.S.R. 
(see Figure 12.5) 
Energy  
A c t u a l  Tra r i s fo rma .  Embodied 
F o o t -  E n e r g y  R a t i o  S o l a r  E n e r g y  
n0t.e Typc o f  C - e r g y  J / y  o r  T/y SEJ / J  E22 SEJ /g  
I m p o r t s  f r o n  W e s t e r n  m a r k e t s :  
1. G r a i n  3 . 1 1  E l 7  J 2.67 E4 0 . 8 3  
2. 1 , lachinery 7 . 1 6 E 5  T  5 8 . 9 5 E 1 4 S ~ J / ~  0 . 4 2  
3. I r o n / s t e e l  p l a t e s  4 . 9 5  E 4  T  1 6 . 4 5  E l 4  SEJ/T 0 . 0 6 8  
4 .  P l a s t i c  p r o d u c t s  6 . 9 E 1 5 J  - - 
5 .  S e r v i c e  
T o t a l  : 
In , ?o r t s  f  ro::l COIEC3N c o u n t r i e s :  
6 .  N a t u r a l  g a s  4 .24  C17 5 . 3  6 4  2 . 2  
7 .  Macili n e r y  2 . 5  C G T  5 8 . 3 5 C 1 4 S ? J / T  1 . 5  
8 .  O i l  1 . 4 6 E 1 7 J  5 . 3  E4 O . ' i t l  
9.  S e r v i c e  
T o t a l  : 
12. C c a l  
1.2 . TinL::r 
1 .  A l x c i n u n  8 7 . 6  T  1 . 6 3  E l 5  SEJ/T 0 . 1 4  
T o t a l :  3.6.36 
-- 
E x p o r t s  t o  C3:.;EC3;.J couri ' ir i .es:  
. - 
1 6 .  O i l  - - 25 .7  
1 7 .  - N a t u r a l  g a s  - - 2 . 7  
1 8 .  C o a l  - - 2 . 1  
20. Mach inc ry  1 . 7 5 4  E5 5 8 . 9 5  1.14 SEz/T - 1 . 0  
T o t a l  : 31.  6  
.-.-a- . - . -- 
Footnotes for Table 12.5 
1. Grain: 18.6 E6 TI US, Canada, Australia; 3.60 E9 $ .  
(18.6 E6 T) (1E6 g/T) (4 kcal/g) (4186 J/kcal) = 3.11 El7 J/y 
2. Machinery: 4.25 ES $ (Vienna 1981); 
1.685 E-4 T/$ (Appendix A13). 
3. Iron/steel plates: .45 E9 $ (Vienna 1981); 1.1 E-4 T/$  
(UN,1981). 
4. Services: 17.6 E9 $ paid for imports from west; 9.2 E9 $ net 
after subtracting services in goods; US en/$ ratio: 2.37 El2 SEJ/$ 
( 9.2 E9 !$)(2.37 E12 SEJ/$) = 2.18 E22 SEJ 
5. Plastic products: 1.25 E8 $ US (Vienna 1981). 
1.31 E-3 T/$ (New Zealand 1981); 10 kcal/g. 
(1.31 E-3 T/$) (1.25 E8 $ 1  (10 kcal/g) (1 E6 g/T) (4186 J/kcal) 
= 6.9 El5 J 
6. Natural gas from Afghanistan: 9 E6 T; .46 E9 $.  
4.24 El7 J/y 
7. Machinery: 15 E9 $ exported Eastern Europe to USSR (Vienna 
1981); 1.685 E-4 T/$) (Appendix A13). 
8. Oil: 543 E6 $ (Vienna 1981); $23/bbl. 
(543 E6 $ )  (1/$23/bbl) (6.28 E9 J/bbl) = 1.48 El7 J 
9. Service paid for imports from centrally planned: 25.5 E9 $ 
(UN Trade 1981); net services: 9.5 E9 $; USSR energy/$ ratio: 
2.94 El2 SEJ/$US. 
, 
(9.5 E9 $ )  (2.94 El2 SEJ/$) = 2.79 E22 SEJ 
F o o t n o t e s  f o r  T a b l e  1 2 . 5  c o n t i n u e d  
1 0 .  O i l :  E x p o r t e d  3 8 . 5  S E J / ~  ( T a b l e  1 2 . 1 ) ;  1 / 3  exported t o  
t h e  West. 
1 1 .  G a s :  E x p o r t e d  4 . 6  S E J / y  ( T a b l e  1 2 . 1 ) ;  4 0 %  t o  t h e  West. 
1 2 .  C o a l :  E x p o r t e d  3 . 2  S E J / y  ( T a b l e  1 2 . 1 ) ;  1 / 3  t o  t h e  West. 
1 3 .  T i m b e r  exported t o  t h e  West: 0 . 3 5  S E J / y  ( T a b l e  1 2 . 1 ) .  
1 4 .  S e r v i c e s  w i t h  expor ts  t o  West: 1 4 . 2  E9  $; n e t  services: 
0 . 6  E 9  $; USSR e n e r g y / $  r a t i o :  2 . 9 4  E l 2  S E J / $ .  
( 0 . 6  E9 $ )  ( 2 . 9 4  E l 2  S E J / $ )  = 0 . 1 7  E 2 2  S E J / y  
1 5 .  ~ l u m i n u m :  1 3 . 1  E 7  $ ( V i e n n a  1 9 8 1 ) ;  1 . 6 3  ~ 1 0  S E J / ~ .  
$ 1 5 0 0  ( 1 9 7 9 )  / T  ( A p p e n d i x  A l l ) .  
( 1 3 . 1  E 7  $ ) / ( I 5 0 0  $ / T )  ( 1 . 6 3  E l 0  SEJ  / g )  ( 1  E 6  g / T )  
= - 1 4  E 2 2  S E J / y  
1 6 .  O i l  exported:  3 8 . 5  S E J / ~  ( T a b l e  1 2 . 1 ) ;  2 / 3  exported t o  
t h e  E a s t .  
1 7 .  G a s  exported:  4 . 6  S E J / y  ( T a b l e  1 2 . 1 ) ;  6 0 %  t o  t h e  E a s t .  
1 8 .  C o a l  exported:  3 . 2  S E J / ~  ( T a b l e  1 2 . 1 ) ;  2 / 3  t o  t h e  E a s t .  
1 9 .  S e r v i c e s  w i t h  expor t s  t o  t h e  E a s t :  2 6 . 6  E9 $; n e t  services: 
1 . 1  E9  $; USSR e n / $  r a t i o :  2 . 9 4  E l 2  S E J / $ .  
2 0 .  M a c h i n e r y :  1 0 . 3 6  E6  $ ( V i e n n a  1 9 8 1 ) ;  1 . 6 8 5  E-4 T /$  
( A p p e n d i x  A1 3 )  . 
The imbalance  i n  i n t e r n a t i o n a l  t r a d e  of embodied energy  
o u t l i n e d  i n  F i g u r e  12 .5 ,  may have i m p o r t a n t  meaning f o r  i n t e r n a -  
t i o n a l  r e l a t i o n s .  The e x c e s s  of  ene rgy  e x ? o r t s  may s t i m u l a t e  
and be  ba lanced  by t h e  advan tages  of  c o o p e r a t i v e  t r a d e  l i n k s  and 
b e n e f i c i a l  c u l t u r a l  exchanges t h a t  h e l p  encourage  p e a c e f u l  
i n t e r n a t i o n a l  r e l a t i o n s .  Coopera t ive  a r rangements  among COMECON 
c o u n t r i e s  i n c l u d e  c o n s t r u c t i o n  o f  j o i n t  p r o j e c t s  which a r e  concen- 
t r a t e d  i n  t h e  f i e l d s  o f  energy and i n d u s t r i a l  m a t e r i a l s .  Recen t ly  
t r a d e  w i t h  t h e  w e s t e r n  c o u n t r i e s  h a s  a l s o  p layed  a n  i n c r e a s i n g  
r o l e  i n  S o v i e t  i n d u s t r i a l  development .  Examples of  i n c r e a s i n g  
in te rdependency  o f  E a s t  and West a r e  t h e  n a t u r a l  g a s  p i p e l i n e s  
from t h e  USSR i n t o  Europe and t h e  r e c e n t  agreement  (1983) w i t h  
A u s t r i a  t o  exchange e l e c t r i c a l  power. 
Although t h e  USSR h a s  a  h i g h  d e g r e e  o f  s e l f - s u f f i c i e n c y  and 
f o r e i g n  t r a d e  i s  a minor e lement  i n  i t s  econoTy, t h e  s i t u a t i o n  
has  changed c o n s i d e r a b l y  i n  t h e  post-war p e r i o d .  P lann ing  has  
l e d  t o  i n c r e a s e d  mutual  dependence between t h e  USSR and i t s  neigh-  
b o r s .  More r e c e n t l y ,  t r a d e  w i t h  t h e  West h a s  p layed  an  i n c r e a s i n g  
r o l e  i n  t h e  S o v i e t  economy and i n  t h i s  s e n s e  E a s t  and West have,  
t o  some d e g r e e ,  become more dependent  on each  o t h e r .  
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Env i ronmen ta l  E n g i n e e r i n g  Sc - i ences  and 
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1 3 .  ENERGY ANALYSIS OVERVIEW OF BRAZIL 
Introduction 
This is an energy analysis overview of Brazil; its vast 
environmental resources, the Amazon basin and its highly developed 
urban areas to the south; all considered on a common basis of the 
embodied energy in solar equivalents. (See Figure 1 3 . 1 ) .  As with 
other chapters on nations analyzed in this study, this chapter 
includes an overview map, and energy systems diagram, tables of 
energy flows and energy storages, a summarizing diagram, and a 
table of analytical indices. 
In 1975, the author participated in a Brazilian national 
energy conference at Port0 Alegre arranged by the legislative 
assembly of Rio Grande Del Sol. A very preliminary energy 
analysis of some aspects of Brazils economy was published in 
* International Institute for Applied Systems Analysis, 
summer, 1 9 8 3 .  
proceedings (Odum 1977) pointing out net energy fallacies in 
the optimism of that time regarding nuclear power, sugar-cane 
alcohol, oil shale, continued growth, and lack of appreciation 
of the existing wood economy. With imp'roved methods and more 
detail, this chapter provides further insight into the basis for 
the Brazilian system. 
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Methods 
Methods are given in Chapters 1-5. Main data sources were 
year book statistics of Brazil (Fundacao Instituto Brazileiro de 
Geografia E Estatistica 1981); a useful summary by Goldemberg 
(1982) and OLADE energy summary by Banados (1981). Corrections 
were made for double counting in use of dollar flows to estimate 
embodied energy of services. Evaluation of sediment (earth) 
budget is tentative pending more detailed data. 
Results 
Figure 13.1 shows a map of Brazil stressing the importance 
of the rains of the intertropical convergence of winds and 
sediment inflows. Included is the marine ecosystems of the 
continental shelf which is estuarine in nature at the Amazon 
mouth. The population of 121 million people is mainly outside 
of the Amazon Basin with large area of tropical and sub-tropical 
agriculture and pastures. 
The main features and processes of the nation are diagrammed 
in an energy diagram in Figure 13.2, the large environmental 
resources in rivers, forests, and agriculture on the left coupled 
to the urban centers on the right. Outside imports are relatively 
small. Most of the electric power is hydroelectric. 
The flows are evaluated in Table 13.1. Embodied energy in 
rain and river inflows is the largest and drives many of the 
other flows evaluated separately such as wood production, hydro- 
electric power and coffee. Much of the valuable water-related 
embodied energy passes out to sea, some contributing to est~arine 
fisheries, but possibly there would be net energy in routing water 
to the dry parts of the country. 
Continental shelf 
F i g u r e  1 3 . 1 .  O v e r v i e w  m a p  of B r a z i l .  

The storages of embodied energy given in Table 13.2 show 
enormous values in wood biomass and top soils. When the fuel 
uses (16 SEJ/y) in Table 13.1 are compared to storages of fossil 
fuels in Table 13.2 (2412 SEJ) the depletion time is 153 y, much 
longer than that available to most nations. Growth of native 
forest (73 E22 SEJ/y) is 1.32% of the 5550 E22 SEJ stored in 
forest biomass (Table 13.2). 
The calculation of sediment balance indicates the role of 
Andes generating earth exported to Brazil in excess of that 
going to the ocean, contributing to the long term subsidence 
cycle. These inflows are a valuable input to Varzea forest 
floodplains carrying nutrients and soil-making earth. 
Calculation of topsoil loss and formation is dependent 
on estimates of area of forest in successional regrowth which 
is large because of the shifting agriculture and other rotations. 
Until data being accumulated in carbon-dioxide related studies 
provide more detail, the sketchy calculation suggests considerable 
reformation of soil of the same magnitude as that washing 
out to sea. 







J/Y SE J/Y 
Foot- 
note Type of energy 
1 Direct sun 
2 Chemical potential 
Rain 
Inflowing river 
3 Geopotential of rain 
4 Geopotential of runoff 
Within Brazil 
Flowing into Brazil 
5 Hydroelectricity 
6 Total electricity, 1980 
7 Waves 
8 Tide 
9 Net earth inf low 
0.55 El5 g/y 
10 Net topsoil formation 
11 Wood growth 
12 Lumber use 
Fuel uses: 
13 Fuelwood use (in oil J) 
14 , Charcoal use (in oil J) 
15 Oil consumption: 
indigenous 
imported 
16 Coal consumption (in oil J) 
17 Uranium .use 
18 Natural gas 
19 Alcohol use 
20 Sugar cane bagasse 
Exports : 
2 1 Amazon organic discharge 
2 2 Bauxite 
2 3 Iron ore 
2 4 Wood and paper 
2 5 Sugar 
2 6 Coffee, 6.22 E5 T/y 
T a b l e  13 .1  c o n t i n u e d .  
Embodied 
Actual so la r  
Foot- energy ETR energy 
note Type of energy J/Y SE J/Y E22 SEJ/y 
Imports : 
2 7 Potash 
2 8 Phosphate 
29 Nitrogen 
3 0 Fuels 
F o o t n o t e s  f o r  T a b l e  1 3 . 1 .  
1 .  Direct  s u n  
2  I n s o l a t i o n  1 4 0  k c a l / c m  / y  ( S e l l e r s  1 9 6 5 )  
A r e a ,  8 . 5 1  E l 2  m2 l a n d  + 0 . 6 7  E l 2  s h e l f  = 9 . 1 8  E l 2  
Land :  a l b e d o  1 5 %  
S h e l f :  
T o t a l :  4 . 6 3 3  E22 ~ / y  
2 .  C h e m i c a l  p o t e n t i a l  
R a i n :  Mean of a n n u a l  r a i n f a l l  of 27 c a p i t a l  c i t i e s ,  1589  mm/g 
( F u n d a c a o  I n s t i t u t o  B r a s i l e i r o  d e  G e o g r a f i a  e E s t a t i s t i c a  
1 9 8 0 ) .  
( 8 . 5 1  E l 2  m 2 )  ( 1 . 5 8 9  m/y) ( 5  J / g )  ( 1  E6 9/m3) 
I n f l o w i n g  r i v e r :  d i s s o l v e d  s o l i d s ,  6 7  9 / m 3  ; w a t e r  i n f l o w ,  
2 . 7 3  E l 2  m3/y ( ~ a r l i e r  1973) 
( 9 9 9 . 9 3 3 )  = 4 . 9  J / ~  w h e r e  G = 1 3 8  Loge ~ 9 6 5 , 0 0 0 )  
Footnotes for Table 13.1. continued 
3. Geopotential of rain 
Data from Footnote 3 
(1.589 m/y) (1 ~3 ky/m3) (8.51 E12 m2) (9.8 m/sec2) (352 m) 
4. Geopotential of runoff from within Brazil 
Runoff estimated as rain minus pan evaporation 
(1.589 m/y - 1.128 m/y); 27 rain storms, 26 evaporation 
stations and mean elevation from hypsometric data (Fundacao 
Instituto Brasileiro de Geografia e Estatistica 1980) 
Flowing into Brazil: 
2.72 El2 m3/y or more (blarlier 1973) 
5. Hydroelectricity 
Fundacao Instituto ( 1980) 
(34.1 E6 T oil equiv. (44 E9 J/T) 
= 1.50 El8 J/y oil equivalents 
(1.50 El8 oilJ/y)(3.33 E4 S~J/oil) = 5.0 El7 J elect 
(1.59 E5 SEJ/J elect) 
6. Total ilectricity (1 980) 
7% thermal power added to hydroelectric power. 
Footnotes for Table 13.1 continued 
7. Waves 
6100 km facing coastline 
Wave height, 0.6 m in 10 m water assumed similar to other 
trade wind region, South Florida 
8. Tide 
(0.5) (0.67 El2 m2 shelf) (1 m12(706/y) (1.023 E3 kg/n3) 
2 (9.8 m/sec ) (.I) 
= 2.4 E7 J/y 
9. Net earth inflow 
Earth from Andes + earth formation in Brazil-Amazon discharge 
area of Andes drainage outside Brazil contributing earth 
estimated from map as 6.22 Ell m2; earth 
cycle of Amazon Basin, 50 E-6 m/y; for Andes source of 
sediment value for Himalayas used, 848 E-6 m/y (OLlier 1981); 
Sediment discharge of Amazon, 1 El 5 g/y (Snead 1980) . 
(Andes input) + (Brazil formation) - (Amazon discharge) 
2 (0.33 (6.22 Ell m ) (848 E-6 m/g) (2.6 E6 g/y) + (8.51 El2 m2) 
2 (50 E-6 m/g)(2.6 E6 g/m ) - (1 El5 g/y) = 
= 0.55 El5 g/y deposited* 
* may be equal to geological subsidies. 
10. Top soil formation 
L On agricultural areas, 8.1 Ell m , loss rate assumed for 
southeastern U. S., 850 g/m2/g (Larson et al. 1983) ; 
new soil formation assumed on half of forest area, 
2.5 El2 m2 
(soil formed) - (soil eroded) 
(3.21 ~ 1 5  g/y) (0.03 organic) (5.4 kcal/g) (4186 J/kcal) = 
2.18 El8 J/y 
Footnotes for Table 13-1. continued 
1 1 .  Wood growth 
Estimated 2614 E6 g/ha in 100 y at Jari; see Appendix A5. 
12. Lumber 
(Fundacao Instituto 1980) 1977. 
(1.22 E8 m3) (0.8 E6 g/m3) (4 kcal/g) (4186 ~/kcal) 
= 1.65 El8 J/y 
13. Fuelwood use 
BaTnados (l981), for 1980 
(2.0 E7 T oil equiv.) (44 E9 J/T) = 0.89 El8 oil J/y 
14. Charcoal use 
Goldemberg (1982) for 1979 
(2.98 E6 T oil equiv./y) (44 E9 J/T) = 1.31 ~ 1 7  oil ~ / y  
15. Oil consumption 
Basados (1981) 1980: 
indigenous-- 
(8.593 E6 T oil equiv.) (44 E9 J/T) = 3.78 El7 J/y 
imported-- 
(51.0 E6 T oil equiv.) (44 E9 J/T) = 2.24 El8 J/y 
16. Coal consumption 
1980 domestic production, BaEados (1981) 
(3.34 E6 T oil equiv.) (44 E9 J/T) = 1.47 El7 oil J/y 
Footnotes for Table 13.1. continued 
17. Uranium use 
Fundacao Instituto (1 980) 
(1.114 E6 T oil equiv.) (44 E9 J/T) = 4.9 El6 J/y 
18. Natural gas 
Fundacao Instituto (1 980) 
(0.68 E6 T oil equiv.) (44 E9 J/T) = 3.0 El6 J/y 
19. Alcohol use 
(2.47 E6 T oil equiv.) (44 E9 J/T) = 1.09 El 7 J/y 
20. Sugar cane bagasse 
Fundacao Instituto (1 980) 
(6.168 E6 T oil equiv.) (44 E9 J/T) = 2.71 El7 J/y 
21. Amazon organic discharge 
Richey et al. (1980) 
22. Bauxite 
Fundacao Instituto (1980) 0.91 E6 T/y @ $3.55 E8 U.S. 
(0.91 E6 T/g) (65.3 E6 J/T) 
23. Iron ore 
Fundacao Instituto (1980) 5.97 E7 T/y @ $8.91 E8 U.S. 
(5.97 E7 ~ / y )  (14.2 E6 J/T) 
24. Wood and paper 
Fundacao Instituto (1980) 1.28 E6 ~ / y  @ $2.47 E8 U.S. 
(1.579 E6 T/y) (4 E6 kcal/T) (4186 J/kcal) 
Footnotes for Table 13.1. continued 
25. Sugar 
1.28 E6 T/y @ $2.47 E8 U.S. 
(1.28 E6 T/y) (4 E6 kcal/T) (41 86 J/kcal) 
26. Coffee 
Fundacao Instituto (1980) 
6.22 E5 T @ $1.99 E9 U.S. 
Imports (Fundacao Instituto, 1980) 
27. Potash 
(1.758 E6 T) (702 E6 J/T) @ $1.77 E8 
28. Phosphate 
(1.40 E6 T) (76.4 E6 J/T) @ $2.78 E8 
29. Nitrogen 
(1.38 E6 T) (2170. E6 J/T] @ $1.63 E8 
30. Fuels 
See Footnotes 13-18. 
Table 13.2. Energy storages in Brazil 
Actual 
~ o o t -  energy 
note Type of energy El8 J 
ETR 
SEJ 
o r  SEJ 
Embodied 
s o l a r  
energy 
E23 SEJ 
1 Petroleum 8.11 
2 Natural gas 1.83 
3 Coal 592.0 
4 Uranium oxide 70.0 
5 Wood Biomass 1720.0 
6 Top s o i l ,  l i t t e r  3108.0 
* Shale o i l  reserves  a r e  given by Goldemberg (1982) and p i l o t  p l a n t s  a r e  
opera t ing ,  but  t h e r e  is  no evidence t h a t  the  n e t  energy i s  s u f f i c i e n t  t o  
cont r ibute  t o  the  economy. 
Footnotes for Table 13.2 
1-4 fuel reserves from Goldemberg (1982)* 
1. Petroleum 
(198 E6 m3) (41 E9 ~ / m ~ )  = 8.11 El8 J 
2. Natural gas 
(47 E9 m3) (3.89 E7 ~ / m ~ )  = 1.83 El8 J 
3. Coal 
(2.2 El0 T) (26.9 E9 J/T) = 5.92 E20 
4. Nuclear 
Reserve at less than $95 (1979, U.S.) per kg.: 
(0.007) (1.26 E5 T u308) (1.E6 g/T) (7.95 El0 J/g u235) 
= 7.0 El9 J 
Footnotes for Table 13.2. continued 
5. Wood Biomass 
Biomass assumed half mature; half 15 years of succession 
(Uhl 1983); 
(2.54 El2 m2) (3.7 E4 g/m2) (4 kcal/g) (4186 J/g) = 1.57 E21 J 
(2.54 El2 m2) (4.0 E3 g/m2) (3.6 kcal/g) (4186 J/g) = 1.53 E20 J 
ETR used, wood unharvested, 3.23 E4 SEJ/J; Appendix A5. 
6. Top soil including litter 
2 Land areas (Goldemberg 1982) forest, 5.1 El2 m ; 
Cropland, 4.1 Ell m2; pasture, 4.1 Ell m2; other 
1.29 El2 m2; half of forest assumed mature with 3.5 E4 g/m 2 
organic matter; half of forest assumed successional with 
1.7 E4 g/m2 
(2.54 El2 m2) (1.7 E4 g/mZ) (5.4 kcal/g) (4186 J/kcal) = 9.7 E20 J 
(4.1 Ell m2) (o.5m) (1.5 E6 g/m3) (0.02 kcal/g) (4186 J/kcal) 
= 0.26 E20 J 
(4.1 Ell m2) (0.5 m) (1.5 E6 9/m3) (0.03 kcal/g) (4186 J/kcal) 
Total: 3108 El8 J 
Summary Diagram 
In Figure 13.3 and Table 13.3 is given an aggregated summary 
of embodied energy flows that support the economy of Brazil. 
Indices are calculated from these and are given in Table 13.4. 
indigenous 
sources Narion t- E x w r t s  N:. 8. P, El 
F i g u r e  13 .3 .  Summary of embodied e n e r g y  f l o w s  of B r a z i l .  
See  T a b l e  13.1 and 13 .3 .  
Table 13.3. Summary flows for Brazil in Figure 13.3. 
L e t t e r  i n  
Figure Item 
Renewable sources  used,  SEJ/yr 
River from Andes 
Nonrenewable sources  flow wi th in  
t h e  count ry  ( s ~ J / y r )  : 
N d i spe r sed  r u r a l  source (SEJ/yr) 
0 
N concent ra ted  use (SEJ/yr) 1 
N exported wi thout  use ( i r o n )  2 
N ; = N  minus s e r v i c e  2 
Imported mine ra l s  and f u e l s  ( s ~ J / y r )  
F '  minus s e r v i c e s  
Imported goods ( s ~ J / y r )  
Imported s e r v i c e  (SEJ/yr) 
Do l l a r s  p a i d  f o r  imports  ($/yr)  
(1979, U.S.) 
Do l l a r s  p a i d  f o r  expor t s  ($/yr)  
(1979, U.S.) 
Exported s e r v i c e s  (SEJ/yr) 
Exported p roduc t s ,  transformed 
wi th in  t h e  country (SEJ/yr) 
t u b b e r ,  wood) 
Gross Nat iona l  Product  ($ /yr )  
(1979, U.S.) 
P2 Rat io  embodied energy t o  d o l l a r  
of imports  (SEJ/$) (1979, U.S.) 
Rat io  embodied energy t o  d o l l a r  of 
country and f o r  i t s  expor t s  (sEJ/$) 
$2.135 E l l  
Debt i n  1983 was 83.0 E9 $.  
Footnotes for Table 13.3 
R Chemical potential of rain plus tide; this assumes 
salt-fresh interaction mainly at Amazon mouth. 
No (Native forest fuelwood, 3.1; charcoal, 0.92) E22 
1 (Lumber, 5.7; coal 0.59) E22 
N2 (Iron ore, 5.09; bauxite, 0.08) E22 
F ' Imported minerals with services subtracted $US (1979): 
(fuel, 7.33; phosphate, 0.278, potash, 0.177; nitrogen, 
0.16) E9/g 
Service = ($US per year) (Energy-dollar ratio for US in 
1979) 
($8.0 E9) (1.85 El 2 SEJ/$) = 1.48 E22 
F' = (12.71 - 1.48) E22 = 11.23 E22 
F (fuel, 11.9; phosphate, 0.44; potash, 0.32; nitrogen, 
0.05 E22) = 12.71 E22 
G Not separated from total service 
P21 (US Energy-dollar ratio ,for 1979) (Brazilian imports in $ )  
(1.85 E12 SEJ/$) (19.9 E9 US$ 1979) 
= 3.68 E22 
I E E (Fundacao Instituto 19 8 1 ) 
B Export goods not isolated from services in overview 
calculation. Energy sources to wood, coffee, sugar, etc. 
already included in R 
X Cruzeiro to US$ 1979 = 25.8 Cr/$ 
(Fundacao Instituto 1980) 
GNP, $2.135 Ell US 1979. 
P2 Appendix A5 
P1 U/GNP; U from Table 13.4 (190.2 E22 ~~J/y)j($2.135 Ell) = 8.9 Ell SEJ/$ 
Table 1 3 . 4 .  I n d i c e s  us ing  embodied energy f o r  overview of B r a z i l .  
Item Name of index and expression,  See Figure. 
1 Renewable embodied R + R '  
energy flow 
2 Flow from indigenous 
nonrenewable reserves  N 
3   low of imported F+G+P I 
embodied energy 2 
4 Tota l  embodied 
energy inflows 
5 Tota l  embodied energy U=N +N +R+F+G+P I 
used, U o 1 2 
6 Tota l  exported B+PIE+N 
embodied energy 2 
7 Fract ion of embc l i ed  
energy used derived (No+Nl+R) / U  
from home sources 
8 Exports minus imports ( N ~ + B + P ~ E ) - ( F + G + P ~ I )  0.37 E22 
9 Ratio of exports  
t o  imports 
10 Frac t ion  used, 
l o c a l l y  renewable R/U 
11 Fract ion  of use 
purchased 
12 Fract ion  used t h a t  
i s  imported se rv ice  P 2 1 / U  
13 Fract ion  of use 
t h a t  is  f r e e  ( R+No /U  
14 Ratio of concentrated 
t o  r u r a l  ( F + G + P ~ I + N ~ )  / (R+N 0 
15 Use per  u n i t  a rea  
(9.18 E12) U/ (area)  2.08 E l l  S E J / ~ '  
16 Use per  cap i t a  
(121 E6 populat ion) U/ (population) 
17 Renewable carrying 
capaci ty  a t  present  (R/U) (population) 
l i v i n g  standard 
100.0 E6 people 
18 Developed carrying 
capacity a t  same 8 (R/U)  (population) 800.0 E6 people 
l i v i n g  standard 
19 Fuel pe r  person ( f u e l  use) / (pop. )  1.55 El5 SEJ/pers. 
20 Fract ion e l e c t r i c  ( t o t a l  e l e c t .  /U 0.07 
Either on a money (9%) or an embodied energy basis (9%) the 
exports and imports are a small proportion of the total system. 
Although in dollars there was an export to import ratio of 1.31 
in embodied energy terms, the ratio in embodied energy terms'was 
about balanced (1.025). Brazil has a high degree of self- 
sufficiency and continuing availability of resources. 
Indices for degree of economic development are intermediate 
indicating a partially developed economy (Energy per dollar, 
ratio of concentrated to rural energy use, fraction electric; 
see Table 13.4) . 
The energy per person is large where environmental resources 
are included. In other words a family with a dooryard garden 
living along an Amazon tributary has a substantial and varied 
existence although the part of their living passing through the 
monied economy is small. To the extent that the shifting agri- 
culture is renewable, these resources are renewable, although 
the press of population reproduction and immigration is increasing 
the density of people relative to the forest making the pattern 
more and more one of mining the forest life support role. 
The various indices show a good energy basis, little justi- 
fying the difficult economic state and loan default threats in 
1983. Perhaps misunderstanding the real energy basis of the 
economy and the net energy of alternatives caused errors. For, 
example, loan capital went into little-yielding alcohol, nuclear 
plants, and exporting raw materials of high embodied energy for 
very little return, etc. Devaluing the currency was intended 
to bring in a better balance of trade, but may have done the 
opposite. Where a country exports raw materials, it gives the 
purchaser even more embodied energy per dollar. 
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1 4 .  ENERGY ANALYSIS OVERVIEW OF AUSTRALIA 
T h i s  s e c t i o n  i s  a n  embodied e n e r g y  e v a l u a t i o n  o f  t h e  main 
f e a t u r e s  o f  A u s t r a l i a ,  a  s p a r s e l y  p o p u l a t e d  n a t i o n - c o n t i n e n t  
( F i g u r e  1 4 . 1 )  w i t h  l a r g e  c e n t r a l  d e s e r t ,  l o n g  c o r a l  r e e f s  and 
wide  s h e l f ,  a  h i s t o r y  t h a t  began w i t h  g r a z i n g  and  m i n i n g ,  b u t  
w i t h  i t s  p e o p l e  now p r e d o m i n a t e l y  u rban .  Some of  t h e  d i s t i n c -  
t i v e  f a c t o r s  s u c h  a s  w a t e r  l i m i t a t i o n s  a r e  shown i n  t h e  e n e r g y  
d i ag ram ( F i g u r e  14 .2 )  . 
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METHODS 
Methods of  energy a n a l y s i s  w e r e  t h o s e  g iven  i n  s e c t i o n s  
1-5. The A u s t r a l i a n  energy sys tem was diagrammed and e v a l u a t e d  
i n  energy terms. 
A complex n a t i o n a l  d iagram was drawn us ing  t h e  energy 
sys tems language.  On aggrega ted  diagram was used t o  r e p r e s e n t  
t o t a l s  f o r  o v e r a l l  comparisons.  S e v e r a l  r a t i o s  w e r e  c a l c u l a t e d  
t o  compare A u s t r a l i a  w i t h  o t h e r  c o u n t r i e s  and t o  s u p p o r t  
p r e d i c t i o n e .  
RESULTS 
F i gu r e  14.2 shows t h e  energy sys tem of  A u s t r a l i a  which 
i n c l u d e s  o u t s i d e  energy  s o u r c e s ,  p r o d u c t i v e  l a n d  u s e s ,  m ine ra l  
s t o r a g e s ,  i n d u s t r i e s ,  and t h e  p r i m a r i l y  human sys tems.  
The energy  f lows a r e  summarized i n  Tab le  1 4 . 1  and t h e  
s t o r a g e s  i n  Tab le  14.2.  S ince  t h e  embodied s o l a r  energy  i n  t h e  
chemical  p o t e n t i a l  i n  r a i n  i s  l a r g e r  t han  any of t h e  o t h e r  s o l a r -  
based s o u r c e s ,  i t  and t h e  t i d a l  energy w e r e  used a s  t h e  c o u n t r y ' s  
o u t s i d e  renewable energy f low f o r  f u r t h e r  c a l c u l a t i o n s .  
Table 14.1 Energy flows for Australia. 
Footnote Energy Type 
Solar  
Actual  ETR Embodied 
Energy SEJ/y Energy 
J/Y o r  SEJ E22 SEJ/y 
1 Direc t  s u n l i g h t  
2 Wind 
3 Rain, chemical p o t e n t i a l  
4 Rain, geopo ten t i a l  
5 Tide 
6 Wave energy 
7 2 Ea r th  l o s s ,  0.95 El4 g/m /y 
8 Top s o i l  l o s s  
9 O i  1 
product ion  
imports  ( s e e  f o o t n o t e  21) 
expor t s  
consumed 
Gas 
n a t u r a l  gas  
e thane  
Liquif  i e d  Petroleum Gas (LPF) 
product ion 
use  i n  A u s t r a l i a  
LPG expor t  
Coal 
product ion 
expor t  
u se  
brown c o a l  u se  
12 Uranium product ion 
13 E l e c t r i c i t y  
Exports  
9-12 Fue ls  
14 Grains  
Table 1 4 . 1  co n t i n u ed .  
Footnote Energy Type 
S o l a r  
Actua l  Embodied 
Energy Energy 
J/g ETR E22 S E J / ~  
15  Beef,  v e a l  
16 Sheep 
Wool 
17  Sugar 
18 B u t t e r  
19 I r o n ,  3.0 E6 T/g 
I ron  o r e ,  74.7 E6 T/y 
Alumina, 6.32 El2 ~ / y  
Imports 
21 Fue l s  162.6 El5  -- 0.904 
2 2  Phosphate rock,  1 . 5 1  E6 T/y - - 1.41  ElOlg 4.26 
2 3  Potassium f e r t i l i z e r ,  1 .57 E5 T/g -- 9.5 E8/g 0.03 
Footno tes  t o  Tab le  14.1 
1 .  D i r e c t  s u n l i g h t  
2 Average i n s o l a t i o n ,  5.18 E9 J / m  / y  ( 3 a l l e n t y n e  1976) :  Land 
a r e a  i n c l u d i n g  Tasmania, 7.682 E l 2  m ( A u s t r a l i a n  Bur. S t a t .  
1981a) .  
2 Area of  c o n t i n e n t a l  s h e l f ,  2.573 El2 m e s t i m a t e d  from Nat iona l  
Geogr p h i c  A t l a s  (Nat .  Geo. A t .  1981 ) ;  t o t a l  a r e a ,  10.255 5' El2 m .  
I n s o l a t i o n  o v e r  l an d :  
I n s o l a t i o n  o v e r  l a n d  and s h e l f :  
2 2 (5 .18 E9 J / m  / y )  (10.255 El2 m ) = 5.31 E 2 2  J /y  
Faatnotes to Table 14.1 continued. 
2. Wind 
Eddy viscosity assumed from Oakland California and Tampa, 
Florida (Swaney 1978) , 2.8 m2/s; Vertical velocity gradient 
estimated from18 locations around Australia, 5 E-3 m/s/m 
(Australia, Dect. of !?eteorolagy 1977) 
3. Rain, chemical potential 
average rainfall, 0.42 m/y (Australian Bur. Stat. 1981a) 
(0.42 m/y) (10.25 E12 m2/y) (4.94 J/g) (1 E6 g/m3) = 2.12 El9 J/y 
4. Rain, geopotential 
mean elevation, 300 m (Australian Bur. Stat. 1981a); 
runoff fraction, 0.107 
5. Tide 
6. Wave energy 
mean wave height, 0.6 m (Lawson and Youll 1977; Lawson and 
Abernathy 1 977) 
7. Earth 
2 Erosion rate 7 5 T/km /g over 1/3 2.56 El 2 m2 of Australia; 
deserts neutral (Snead 1980); earth formation, 1 1  mm/1000 g 
(Ollier, 1981);0.5 assumed lost during formation (Appendix 
A1 8) 
F o o t n o t e s  t o  Tab le  1 4 . 1  c o n t i n u e d .  
8 .  T o p s o i l  
Balance  between n a t u r a l  v e g e t a t i o n  b u i l d i n g  s o i l  and e r o s i o n  
from farmed a r e a s ;  o t h e r  a r e a s  assumed n e u t r a l .  
E r o s i o n  r a t e  used  f o r  N e w  Mexico c r o p l a n d s ,  290 g/m2/y 
(Larson e t  a l .  1 9 8 3 ) ;  t o p s o i l  f o r m a t i o n  r a t e  assumed 500 y  
o r  1260 g/m2/y (Appendix A18) ; f o r e s t  l a n d  g e n e r a t i n g  new 
s o i l ,  41.9 E I O  m2. 
(290. g /m2/y)  (1  9.7 El 0 m2 c r o p l a n d )  
(290.  g / m 2 / y )  (17.9 El0  m2 c r o p l a n d )  - (1260 g /m2/y )  (41.9 El0  m 2 )  
9.  O i l  
A u s t r a l i a n  energy  s t a t i s t i c s  (1981-1982) 
P r o d u c t i o n :  25 ,323 E b l ;  36.9 E6 J /L  
Consumed: 
1.356 El8  J / y  (Dept .  Nat.  Dev. 1982) 
Exported:  
Fuel ETR Heat content El5 E22 SEJ/y 
Automotive gasoline 0.286 x 34.36 9.8 6.6 E4 0.06 
Aviation gasoline 0.023 x 33.01 0.76 6.6E4 0.01 
Aviation turbine fuel 0.326 x 36.89 12.0 6.6 E4 0.08 
Automotive diesel oil 0.523 x 38.21 20.0 5.3 E4 0.11 
Industrial and marine 0.043 x 38.89 1.67 5.3 E4 0.01 
diesel fuel 
~ u e l  oil 0.244 x 40.10 9.48 5.3 E4 0.05 
Lubricating oils and other 0.277 x 40.10 11.1 5.3 E4 0.06 
All other 0.474 x 40.10 19.0 5.3 E4 0.10 
Total 0.48 
F o o t n o t e s  t o  T a b l e  1 4 . 1  c o n t i n u e d .  
1 0 .  G a s  
N a t u r a l  gas 
p r o d u c t i o n ,  7 . 0 1 6  E l 2  l / y ,  h e a t  c o n t e n t ,  3 9  E 3  ~ / l  
( 7 . 0 1 6  E l 2  l / y )  ( 3 9  E 3  J / l )  = 0 . 2 7 4  E  1 8  J / y  
E t h a n e  
( 1 . 1 0  E l l  l / y )  ( 6 6 . 3 5  ~ / l )  = 7 . 2 9  E l 2  
L i q u i f i e d  P e t r o l e u m  G a s  
P r o d u c t i o n  : 
( 2 . 9 1 7  E9 l / y ) ( 2 5 . 3 0 4  E6 J / l )  = 7 . 3 8  E l 6  J / y  
E x p o r t  : 
( 2 . 8 5 5  E9 l / y )  ( 2 5 . 3  E6 J / l )  = 7 . 2 2  E l 6  J / y  
LPG U s e  
G a s  u s e ,  b y  d i f f e r e n c e .  
1 1 .  C o a l  
P r o d u c t i o n ,  7 . 0 9  E7 T / y ;  expor t ,  3 . 7 9  E7 T / y ;  h e a t  c o n t e n t ,  
2 9 . 4  E9 J / T  (average o f  coal  f r o m  Q u e e n s l a n d  coal  a n d  New 
S o u t h  Wales);  coal u s e d  i n  A u s t r a l i a  h e a t  c o n t e n t ,  
2 6 . 7  E9 J / T ;  b r o w n  coal  hea t  c o n t e n t ,  9 . 4 7  E9  J / T .  
P r o d u c t i o n :  
E x p o r t :  
( 3 . 7 9  E7  T / y )  ( 2 9 . 4  E9 J / T )  = 1 . 1 1  E l 8  J / y  
U s e  ( f i n a l  d e m a n d )  0 . 7 9  5 1  8  J / y  
Brown coal  
P r o d u c t i o n  : 
F o o t n o t e s  t o  T a b l e  1 4 . 1  c o n t i n u e d  
1 2 .  U r a n i u m  
E x p o r t  c u r r e n t l y  s u s p e n d e d ,  p r o d u c t i o n ,  
( 1 4 5 2  ~ / y )  ( 0 . 4 7  E l 5  J / T )  = 6 . 8 2  E l 7  ~ / y  
1 3 .  E l e c t r i c i t y  
8 5 , 9 8 1  E6  k w h / y  = 3 . 1 0  E l 7  ~ / y  
E x p o r t s  
1 4 .  G r a i n s  
A u s t r a l i a n  yearbook ( A u s t .  B u r .  S t a t .  1 9 8 1 a ) ,  1 9 7 7  $ 
w h e a t  1 . 8 3  E l 7  J / y  @ $ 1 . 0 1 1  E 9  
bar l ey  2 . 2 2  E l 6  J / y  @ $ 0 . 1 2 0  E 9  
o a t s  3 . 6 6  E l 5  J / y  @ $ 0 . 0 1 9  E 9  
t o t a l  7 . 7 1  E l 5  J / y  @ $ 1 . 1 5 0  E 9  
1 5 .  B e e f  a n d  veal  1 . 5 8  E l 6  J / y  @ $ 0 . 8 2 6  E 9  
1 6 .  S h e e p  m e a t  0 . 4 0  E l 6  J / y  @ $ 0 . 1 8  E9  
Wool 1 . 0 3  E 1 5 J / y  @ $ 0 . 9 9  E9  
1 7 .  S u g a r  4 . 1 5  E l 6  J / y  @ $ 0 . 5 3 6  E 9  
1 8 .  B u t t e r  1 . 0 6  E l 5  J / y  @ $ 0 . 0 4 4  E9  
1 9 .  I r o n  expor t  
1 . 6 0  E 6  T / y  i r o n  and s tee l  i m p o r t s ;  0 . 5 1 9  E 6  T / y  p i g  i r o n ;  
0 . 8 9  E 6  ~ / y  i r o n  o r e  c o n c e n t r a t e ;  t o t a l ,  3 . 0  E 6  T / y ;  ETR 
average of i r o n  a n d  s tee l ,  1 . 2  E l 5  S E J / J  
2 0 .  A l u m i n u m  
a l u m i n a  a n d  b a u x i t e :  6 . 6 9  E6 T / y  p r o d u c e d  
6 . 3 2  E6  T / y  expor ted  
F o o t n o t e s  t o  T a b l e  1 4 . 1  c o n t i n u e d  
2 1 .  F u e l  i m p o r t s  - see s u m m a r y  f o r  1 9 7 7 - 1 9 7 8 :  
Fuel  
J/g 
Heat con ten t  El5 ETR SE J/Y 
Automotive g a s o l i n e  
Aviat ion gaso l ine  
Avia t ion  t u r b i n e  f u e l  
Automotive d i e s e l  o i l  
I n d u s t r i a l  and marine 
d i e s e l  f u e l  
Fuel o i l  
Lubr ica t ing  o i l s  and g reases  
O i l  s h a l e  
T o t a l  162.62 El5 0.904 
2 2 .  P h o s p h a t e  rock,  A u s t r a l i a n  B u r e a u  of S t a t i s t i c s  1 9 8 1 a  
2 3 .  P o t a s s i u m  f e r t i l i z e r ,  A u s t r a l i a n  B u r e a u  of S t a t i s t i c s  1 9 8 1 a  
T a b l e  1 4 . 2  E n e r g y  s torages  i n  A u s t r a l i a .  
ETR Solar 
Actual SEJ/J Embodied 
Energy or Energy 
Footnote Energy Type J SE J/gm SEJ E23 
Crude oil and condensate 
Natural gas 





Biomass of wood 
Top soil 
F o o t n o t e s  t o  T a b l e  1 4 . 2  
1 -6 .  A u s t r a l i a n  E n e r g y  S t a t i s t i c s  ( D e p t .  N a t .  D e v .  1 9 8 2 )  : 
f i g u r e s  are  f o r  e s t i m a t e d  recoverable reserves o n l y .  
7 .  UNESCO ( 1 9 7 8 )  Water Resources of t h e  E a r t h  
8 .  B i o m a s s  of w o o d  
T o t a l  fo res t  area ,  4 . 3 0  E 7  ha ( A u s t r a l i a n  B u r e a u  of S t a t i s t i c s  
1 9 8 1 a ) ;  organ ic  m a t t e r  i n  d r y  f o r e s t ,  2 9 1  t / h a  ( L u g o  a n d  
B r o w n  1 9 8 2 )  
( 2 9 1 T / h a )  ( 4 . 3  E7 ha )  ( 4  E6 k c a l / T )  ( 4 1 8 6  J /ha )  = 2 . 0 9  E 2 0  J 
9 .  T o p  s o i l  
D e s e r t  and a r i d  range n o t  e v a l u a t e d ;  
O r g a n i c  m a t t e r  i n  dry  fo re s t  s o i l ,  1 4 2  T / h a  ( B r o w n  a n d  L u g o  
1 9 8 2 ) ;  f o r e s t  area,  see note  8 ;  
Organic m a t t e r  i n  f a r m  l and ,  2 7 . 4  T / h a ;  
Footnotes to Table 14.2 continued 
(Brady 1974) ; area of cropland, 17.9 El 0 rn2 (Dept. Nat. Dev. 
1981b) 
(142 T/ha)(4.3 E7 ha) + (27.4 T/ha)(17.9 E6 ha) = 6.59 E9 T 
(6.59 E9 T organic) (1 E6 g/T) (5.4 kcal/g) (41 86 J/kcal) 
Table 14.3 Summary flows for Australia, 1977-1978. See 
Figure 14.3. 
L e t t e r  i n  
F i g u r e  1 4 . 3  I t e m  
Renewable s o u r c e s  u s e d ,  SEJ /yr  ( r a i n ,  chem) 
Nonrenewable s o u r c e s  f l o w  w i t h i n  t h e  c o u r i t r y  
( S E J / y r )  : 
N D i s p e r s e d  r u r a l  s o u r c e  ( S E J / y r )  0  
N C o n c e n t r a t e d  u s e  (SEJ /yr )  1 
N E x p o r t e d  w i t h o u t  u s e  2  
I m p o r t e d  m i n e r a l s  and  f u e l s  (SE;/yr) 
Import-ed goods  ( S E J / y r )  
I m p o r t e d  s e r v i c e  (SEJ /yr )  
D o l l a r s  p a i d  f o r  i m p o r t s  ($/yr) 
D o l l a r s  p a i d  f o r  s e r v i c e s  
D o l l a r s  p a i d  f o r  e x p o r t s  ($l 'yr)  
E3  
D o l l a r s  r e c e i v e d  f o r  s e r v i c e s  $ 1 . 7 2  E9 
'lE3 
E x p o r t e d  s e r v i c e s  (SEJ/yr)  2 .1  E22 
E x p o r t e d  p r o d u c t s ,  t r a n s f o r m e d  w i t h i n  t h e  1 7 . 5 0  E2. 
c o u n t r y  (SEJ/yx)  
X G r o s s  N a t i o n a l  P r o d u c t  ( $ / y r )  $ 9 0 . 2 5  E9 
. P2 R a t i o  embodied e n e r g y  t o  d o l l a r  o f  i m p o r t s  2.37 E l 2  (SEJ/$) (US) 
P  
1 
R a t i o  embodied e n e r g y  t o  d o l l z r  o f  c o u n t r y  1 2 . 0 7  E l 2  
and f o r  i t s  e x p o r t s  (SIX/$) 1977-1978 $ 
F o o t n o t e s  t o  T a b l e  14 .3  
Data  were t a k e n  from T a b l e  1 4 . 1  a s  f o l l o w s  
R Rain  r e p r e s e n t i n g  t h e  l a r g e s t  o f  t h o s e  from t h e  b i o s p h e r e  
p l u s  t i d e .  
No S o i l  u s e  ( e r o s i o n ) .  
N1 F u e l ,  b a u x i t e  and  i r o n .  
N2 C o a l ,  i r o n ,  a l u m i n a ,  z i n c .  
F P e t r o l e u m ,  motor  f u e l s ,  p h o s p h a t e ,  p o t a s h .  
G Machinery ,  o i l ,  l u b r i c a n t s .  
P213 S e r v i c e s  u s i n g  U S  e n e r g y  d o l l a r  r a t i o  c o r r e c t e d  by sub-  
t r a c t i n g  s e r v i c e s  i n  f u e l s  (F )  and  goods ( G )  u s i n g  d o l l a r  
c o s t s .  
I 3  A u s t r a l i a n  economic s t a t i s t i c s  ( R e s e r v e  Bank o f  A u s t r a l i a  May 1 9 8 2 ) .  
E T o t a l  e x p o r t s  ( A u s t r a l i a n  economic s t a t i s t i c s ,  May 1 9 8 2 ) .  
E3 Expor t ed  s e r v i c e s ,  A u s t r a l i a n  economic s t a t i s t i c s ,  E minus d o l l a r s  a l r e a d y  i n c l u d e d  i n  m i n e r a l s  and f u e l s ,  e x p o r t s  
( N 2 )  and goods  ( B )  . 
P2E3 S e r v i c e s  c a l c u l a t e d  as p r o d u c t  o f  E 3  and A u s t r a l i a n  ene rgy  
d o l l a r  r a t i o  ( P 2 )  . 
B C o a l ,  meat, cereal ,  wood, wool ,  s u g a r ,  b u t t e r ,  i r o n ,  see 
T a b l e  14.8.  
X GNP ( A u s t r a l i a n  economic s t a t i s t i c s ,  May 1 9 8 2 ) .  
P2 U S  e n e r g y - d o l l a r  r a t i o  
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F i g u r e  1 4 . 3  Summary d i a g r a m  o f  t h e  embodied e n e r g y  f l o w s  o f  
A u s t r a l i a ,  1977-1978. An e v a l u a t i o n  t a b l e  i s  g i v e n  
as T a b l e  14 .3 .  I n d i c e s  f rom t h e s e  v a l u e s  are 
c a l c u l a t e d  i n  T a b l e  1 4 . 4 .  
Table 14.4 Indices using embodied energy for overview of 
Australia. See Figure 14.3. 
I tem Name of index and express ion  
Renewable embodied energy flow 
Flow from indigenous  non-renewable 
r e s e r v e s  
Flow of  imported embodied energy 
T o t a l  embodied energy in f lows  
T o t a l  embodied energy used,  U '  
T o t a l  expor ted  embodied energy 
F r a c t i o n  o f  embodied energy used 
de r ived  from hone sources  
Expor ts  minus impor t s  
Ra t io  of e x p o r t s  t o  i n p o r t s  
F r a c t i o n  used,  l o c a l l y  renewable 
11 F r a c t i o n  of use  purchased (F+G+P213) [U 0.09 
12 F r a c t i o n  csed t h a t  i s  imported p213/u 
s e r v i c e  
1 3  ' F r a c t i o n  c f  use  t h a t  is  f r e e  (R+E! ) / U  0  0.79 
14 R a t i o  of concen t ra t ed  t o  r u r a l  (F+G bP213+N1) j' ( R i N O )  0.29 
2  15 Use p e r  u n i t  a r e a  (7.68 C12 n ) U/ ( a rea )  14.2 El0 SSJ/in 2 
16  Use p e r  c a p i t a  (14.5  EG popula- U/ (popula t ion)  
t i o n )  
17 Renewable c a r r y i n g  c a p a c i t y  a t  ( R / U )  (populati.011) 4 .6  E6 people  
p r e s e n t  l i v i n g  s t a n d a r d  
.18 Developed c a r r y i n g  c a p a c i t y  a t  8 (R/U)  (popo iz t ion )  71.0 ES ~ e o p l e  , 
same l i v i n g  s t a n d a r d  
19 Fue l  use p e r  person (Fuel use)  / (pc,?ulation) 93.3  El4  ~ ~ ~ / ; j e r s o n  
2  0  F r z c t i o n  e l e c t r i c  ( e l e c t r i c  pswer)/U 0.45 
Summary 
T a b l e s  14.3 and 1 4 . 4  and F i g u r e  14,3 show l a r g e  
embodied energy  f lows o f  n a t u r a l  r e s o u r c e s  a s  t h e  main b a s i s  
f o r  t h e  c o u n t r y .  P a r t  o f  t h i s  ( 3 2 % )  i s  renewable ,  and a n o t h e r  
l a r g e  p a r t  i s  non-renewable,  ind igenous  c o a l ,  f u e l ,  and s o i l  
r e s e r v e s .  On a  d o l l a r  b a s i s  t h e  i m p o r t s  were abou t  17% of  
G N P ;  whereas ,  t h e  embodied energy  of i m p o r t s  was o n l y  1 0 %  of  
t h e  energy  b a s i s .  
The embodied energy  of e x p o r t s  was t h r e e  t i m e s  t h a t  o f  
i m p o r t s  l a r g e l y  due t o  e x p o r t  o f  f u e l s  and m i n e r a l s .  Trade seems 
t o  be s t i m u l a t i n g  p a r t n e r  n a t i o n s  f a r  more t h a n  A u s t r a l i a .  
Usua l ly  env i ronmenta l  r e s o u r c e s  a t t r a c t  i n v e s t m e n t s  t h a t  b r i n g  
i n  h i g h  q u a l i t y  f u e l s  and o t h e r  i m p o r t s  t o  match t h e i r  l a r g e  
ind igenous  e n e r g i e s .  The v e r y  low r a t i o  o f  i m p o r t s  t o  ind igenous  
f lows shows t h a t  t h i s  b a s i s  f o r  economic s t i m u l u s  i s  mainly  
m i s s i n g  i n  A u s t r a l i a .  
Because o f  t h e  l a r g e  a r i d  a r e a s ,  t h e  energy  d e n s i t y  i s  low; 
b u t  w i t h  r e l a t i v e l y  few p e o p l e ,  t h e  energy p e r  pe r son  i s  l a r g e .  
More economic growth may be  p o s s i b l e  by i m p o r t i n g  more 
r e s o u r c e s ,  e x p o r t i n g  less,  and deve lop ing  more ways t o  u t i l i z e  
t h e  r e s o u r c e s  o f  a  d r y  c o n t i n e n t .  
Elisabeth C. Odum 
S a n t a  Fe Community C o l l e g e ,  
G a i n e s v i Z Z e ,  F l o r i d a  
Howard T. Odum 
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15. ENERGY ANALYSIS OVERVIEW OF INDIA 
Introduction 
This is an energy analysis of the system of India. By 
estimating the embodied energy of environmental resources, 
fuels, international trade, and their interactions, perspectives 
are gained as to how the country works and what is important. 
India is the seventh largest country in the world, with an 
area about half that of the United States. (Figure 15.1). It 
is separated from the rest of Asia by mountains and the sea. 
Bounded by the Himalayan mountains in the north, it stretches 
southwards tapering off into the Indian Ocean. It covers an 
area of 329 million m2. 
The mainland comprises four well-defined regions; namely, 
the great mountain zone of the Himalayas, the highest mountains 
in the world; the Indo-Gangetic Plain formed by the basins of 
the Indus, Ganges and Brahrnaputra rivers; the desert region, and 
the southern peninsula. 
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F i g u r e  15.1 .  Map of I n d i a .  
Rainfall varies from a few centimeters a year in the west, 
to 1000 centimeters in the Khasi Hills in the northeastern corner, 
often considered one of the wettest places in the world. Most of 
the rainfall comes from the inblowing summer monsoon winds. 
Periodic cyclonic storms (hurricanes) are part of the weather 
system's energy inflow. With such a great variation in rainfall 
and a range of about 30' of latitude and of nearly 9,100 meters 
of altitude, there is a great variety of vegetation, both in 
forests and agricultural products. 
In 1978, the population was 630 million, with a growth 
rate of 2.2%. The population size is second to China's. The 
population density is 22 1 /km2, compared to 1 2/km2 in the USSR and 
381/km2 in the Netherlands. Seventy-five percent of the people 
are rural, with a 36% literacy. Agriculture contributed nearly 
1/2 of the national income. It is first in the world in 
agricultural production of ground nuts, and second in rice. 
Over wide areas the soils have been degraded by erosion or 
by continuous cropping without much rotation or fertilizer. 
Forests, about 23% of the land, mostly government-owned, were 
used for wood production and grazing, with consumption much 
beyond the maximum sustainable yield. 
Methods 
Methods of energy analysis were those given in sections 1-5 
The Indian energy system was diagrammed and evaluated in energy 
terms. A complex national diagram was drawn using the energy 
systems language. An aggregated diagram was used to represent 
totals for overall comparisons. A study of the cattle system is 
in Appendix A19. Several ratios were calculated to compare 
India with other countries and to support predictions. Export 
of raw products such as minerals and gems was not fully evaluated. 
Results 
, Figure 15.2 shows the energy system of India which includes 
outside energy sources, the Himalayas with its mineral resources, 
land uses of forests and agriculture, industries, and the urban 
system. 
The energy flows are summarized in Table 15.1 and the storages 
in Table 15.2. Since the embodied solar energy in the chemical 
potential in rain is larger than any of the other solar-based 
sources, it (plus the tidal energy) was used as the country's 
outside renewable energy flow for further calculations. 
The most important sources of commercial energy are coal and 
oil. Coal is its major indigenous nonrenewable fuel resource; at 
the present rate of use of the estimated reserves, the supply will 
last about 20 years. .India relies on imports for meeting about 
65% of its oil requirements. Coal and hydro power were used 
primarily for electricity production. Firewood, cow dung cakes 
and vegetable waste were used for rural heating and cooking. 
~ndustrialization increased rapidly in the last decade. 
About 51% of the total energy use was based on fuels, both local 
and imported. Imports were industrial supplies, fuels, machinery, 
and food (in drought years). Exports were textile products, 
metal products and metals (especially iron ore), and agricultural 
products. 

Table 15.1. Energy flows of India 
Energy Embodied 
Actual t r a n s  f o r .  s o l a r  
energy* ra t io** energy 
J /Y SEJ/J E22 S E J / ~  
Foot- 
note Type of energy 
1 Direct  sunl ight  
2 Storms 
3 Rain, them-potential 
4 Rain, geopotential  
5 Tide 
6 Waves 
7 Rivers, sediment 
8 Rivers, geopotent ia l  
9 Earth cycle 
10 Net deposi t ion of 
e a r t h ,  73.7 E6 T 
11 Net l o s s  of t o p s o i l  
12a E l e c t r i c i t y ,  thermal 
12b E l e c t r i c i t y ,  hydro 
12c E l e c t r i c i t y ,  nuclear  
13 Coal production & use 
14 O i l  production & use 
15 Natural gas  prod. & use 
16 Roundwood prod. & use 
17 Fuel wood 
18 Dung production & use 
Imports, 1978 
19 Goods imported: 
1) Machinery 
2) I ron  & s t e e l  
20 Fuel o i l  imported 
2 1 Phosphate imported 
2 2 Nitrogen f e r t i l i z e r  imports 
2 3 Services & o the r  goods imp. 
Exports,  1978 
2 4 Iron ore  exported 
2 5 Services & o the r  goods exp. 
2 6 Tourism 
27 In te rna t iona l  a s s i s t ance  
Footnotes for Table 15.1 
* See Table 2.1 for formulae and explanations for each category 
of actual energy calculations. 
* *  See Table 3.1 for energy transformations given here. 
1. Direct sunlight 
2 2 Land area: 3.29 E6 km2 = 3.29 El 2 m ; Est. 172 kcal/cm /y 
(Sellers 1965). Shelf area est. from map: 0.354 E6 km2: 
Total area = 3.64 E6 km2 
(area including shelf) (average insolation) 
(3.64 ~6 km2) (1 E6 m2/km2) (1.72 E6 kcal/m2/y) (4186 J/kcal) 
= 2.62 E22 J/y 
2. Storms 
Average number of storms: 7.4 /y (Rao 1975); Appendix A14. 
(storms/y) (m2/storm) (2 days/storm) (4.85 E5 kcal/m2/d) 
(4186 J/kcal) (0.03) (0.10) 
(7.4 /y) (7.5 E8 m2) (2d) (4.85 E5 kcal/m2/d) (4186 J/kcal) 
(0.03) (0.10) = 6.76 El6 J/y 
3. Rain, chemical potential 
Rainfall: 105 cm/y (Rao 1975); area including shelf: 
3.64 El2 m2; G: 4.94 J/g (Table 2.1) 
(area incl. shelf) (rainfall) (G) 
(3.64 El2 m2) (105 cm/y) (1 E-2 m/cm) (1 E6 g/m3) (4.94 ~ / g )  
4. Rain geopotential 
Average elevation: est. from map, 582 m. 
(mean elevation) (runoff) (density) (gravity) 
(582 m) (1.4 El2 m3/y) (1 E3 kg/m3) (9.8 m/s2) 
= 8.0 El8 J/y 
Footnotes for Table 15.1. continued 
5. Tide absorbed on continental shelf 
Established average, 3.8 m (Snead 1980); 
Shelf area: 0.354 El2 m2 (Footnote 1 ) 
(area of shelf) (0.5) (tides /y) (ht. squared) (density) 
(gravity) ( X  absorbed) 
(.354 El2 m2) (0.5) (706 /y) (3.8 m? (1.025 E3 kg/m3) 
6. Waves 
Estimated straight coastline: 3000 km; wave height assumed 
similar to other trade-wind region, South Florida: 
0.6 m in 10 m water. 
7. Rivers, physival potential in sediment load. 
Erosion: 1100.3 m3/km2/y; ave. sediment load; density: 
0.8 g/cm3 (Rao 1975). 
(erosion vol. ) (density) (area) (gravity) (ave. elevation) 
8. Rivers, flowing geopotential 
1.7 El2 m3 (Rao 1975); estimated ave. ht. rivers: 582 m 
(volume flow) (density) (ave. ht . river) (gravity) 
9. Earth cycle 
1 .2 ~ / m ~ / ~ ,  heat 
(land area) (heat flow /m2/g) 
(3.29 E m2) (1.2 ~ / m ~ / ~ )  = 3.95 El2 J/y 
Footnotes for Table 15.1. continued 
10. Net formation of earth 
Erosion: 880 T/km2 (Footnote 7) ; typical formation rate: 
31 .2 g/m2ly (Table 3 ) ; Himalayan formation rate : 
2204 T/km hy (Ollier 1981); map est. of Himalayas: 
3.63 E5 km . 
(erosion rate) (area)/3 - (formation rate for Himalayas) - 
(formation rate for rest of India) 
- (31.2 ~/km2/~) (2.93 E6 km2) = 73.7 E6 T/y deposition 
11. Net loss of top soil 
Farmed area: 294.35 E6 ha (Pendse 1982); typical farm 
erosion rate for SE states U.S.: 850 T/km2/~; typical 
formation rate in areas of natural vegetation succession: 
1260 g/m2/y. 
(farmed area) (erosion rate) - (successional area) 
(formation rate) 
(2.34 ~ 1 5  g/y) (0.03 organic) (5.4 kcal/g) (4186 J/kcal) 
12a. Electricity thermal 
Production, 1978: 60,188 E6 KWh (United Nations 1981a) 
(60.2 E9 Kwh) (3.60 E6 J/KWh) = 2.17 El7 J/y 
12b. Electricity, hydro 
Production, 1978: 47,172 E6 Kwh (United Nations 1981a) 
(47.1 E9 Kwh) (3.60 E6 J/KWh) = 1.70 El7 J/y 
12c. Electricity, nuclear 
2770 E6 Kwh, 1978 (United Nations 1981a) 
(2.77 E9 Kwh) (3.6 E6 J/KW~) = 9.97 El5 
Footnotes for Table 15.1. continued 
13. Coal production and use 
1978 coal: 1.01 E8 T/y, lignite: 3606 E3 T (UN 1981a); 
Total: 1.05 E8 T/y 
14. Oil production and use 
1978, 11271 E3 T (UN 1981a) 
(1 1261 E3 T) (1 E6 g/T) (l/454 lb/g) (4680 kcal/lb) 
15. Natural gas production and use 
1978, 12598 El2 cal (UN 1981a) 
16. Roundwood production and use 
216 E6 m3 (UN 1981a), approximately 12% coniferous. 
coniferous : 1.12) (21 6 E6 m3) (0.6 E6 g/m3) (3.6 kcal/g) 
(4186 J/kcal) = 2.3 El7 J/y 
hardwood: (.88)(216 E6 m3)(1 E6 g/m3)(4 kcal/g) 
(4186 J/kcal) = 3.18 El8 J/y 
Total roundwood: = 3.41 El8 J/y 
17. Fuel wood (including wood for charcoal) 
14.4 E5 m3 nonconiferous (Ministry of Information, India 
1981). 
18. Dung production and use: Appendix A19. 
19. Goods imported 
1) ~achinery: 1.399 E9 $ (UN 1981b) ; 1.69 E-4 T/$ 
(Appendix A1 3) . 
(1.399 E9 $ )  (1.69 E-4 T/$) = 2.36 E5 T/y 
2) Iron and steel: 4.03 E8 $ (UN 1981b); 5.4 E-3 T/$ 
(Appendix A1 3) . 
(4.03 E8$) (5.4 E-3 T / $ )  = 2.18 E6 T/y 
Footnotes for Table 15.1. continued 
20. Fuel oil imported 
18.32 E6 T, 1.97 E9 $ (UN 1981b) 
(18.32 E6 T) (7.5 bbl/T) (6.28 E9 J/bbl) = 8.63 El7 J/y 
21. Phosphate imported 
8.30 E5 T + 1.98 E5 T = 1.03 E6 T/y, $75.2 E6 $ (UN 1981b) 
22. Nitrogen fertilizer imported 
5498 T + 1.9 E6 T = 1.9 E6 T, $392.6 E6 $ (UN 1981b) 
23. Other goods and services imported 
1978, 7.56 E9 $ US (UN 1981b); US energy / $  ratio: 
2.37 El2 SEJ/$. 
24. Iron ore exports 
Production, 1978,79: 38.8 E6 T, export 21.2 E6 T (Pendse 
1982) ; 268.1 E6 $ US (UN 1981b) 
25. Services and other goods exported 
1978 exports: 6.19 E9 $ US; India energy / $  ratio: 
6.36 El2 SEJ/$. 
26. Tourism 
403 E6 $ (UN 1981a) 
(403 E6 $ )  
27. International assistance 
1.129 E9 $ (UN 1981a) 
(1.129 E9 $ )  
T a b l e  1 5 . 2 .  E n e r g y  S t o r a g e s  of I n d i a  
ETR 
Actua 1 SEJ/J 
Foot- energy or  





1 Soi l  
2 Coal 
3 O i l  
4 Natural gas 
5 Uranium 
6 Iron ore ,  chemical 
7 Fresh water 
8 Forest wood, t o t a l  
1) Coniferous 
2) Nonconif erous 
F o o t n o t e s  f o r  T a b l e  1 5 . 2  
1 .  S o i l  
A v e r a g e  o r g a n i c  m a t t e r  ( t o n s / a c r e )  i n  u n f e r t i l i z e d  s o i l s  a f t e r  
b e i n g  c o n t i n u o u s l y  cropped: 1 1 . 4 2  ( B r a d y  1 9 7 4 )  
2 .  C o a l  
R e s e r v e s :  2 . 2 6  E9 T  (UN 1 9 8 1 a )  
( 2 . 2 6  E9 T )  ( 7  E6 k c a l / T )  ( 4 1 8 6  J / k c a l )  = 6 . 6  E l 9  J 
3 .  O i l  
R e s e r v e s :  3 1 6  E6 T  (UN 1 9 8 1 a )  
( 3 1 6  E6 T )  ( 1  E6 g / T )  ( 1 / 4 5 4  l b / g )  ( 4 6 8 0  k c a l / l b )  ( 4 1  8 6  ~ / k c a l )  
= 1 . 3 6  E l 9  J 
F o o t n o t e s  f o r  T a b l e  1 5 . 2  c o n t i n u e d .  
4 .  N a t u r a l  g a s  
2 3 9  E9 m3, 9 2 1 6  k c a l / m 3  
( 2 3 9  E9 m3) ( 9 2 1 6  k c a l / m 3 )  ( 4 1 8 6  J / k c a l )  = 9 . 2 2  E l 8  J 
5 .  U r a n i u m  
1 9 7 9 :  2 9 8 0 0  T  (UN 1 9 8 1 a ) ,  n o  p r o d u c t i o n  
( 2 9 . 8  E3  T )  ( 0 . 0 0 7 )  ( 1  E6 9 /T )  ( 7 . 9 5  E l 9  ~ / g ~ 2 3 5 )  = 1 . 6 6  E l 9  J 
6 .  I r o n ,  c h e m i c a l  
R e s e r v e s  1 9 7 9 :  9 , 3 0 0  E6 T  ( U N  1 9 8 1 a )  ; 1 4 . 2  J / g  ( G i l l i l a n d  
1 9 8 3 )  
7 .  F r e s h  w a t e r  
3  
s u r f a c e :  1 . 4 7  E l l  n , g r o u n d :  3 . 3 3  E l l  m3 ( R a o  1 9 7 5 )  
3  ( 4 . 8 0  E l l  m  ) ( 1  E6 g/m3) ( 4 . 9 4  J / g )  = 2 . 3 7  E l 8  J 
8 .  F o r e s t  wood 
7 4 . 8  E6 h a :  4 . 8  E6 h a  c o n i f e r o u s ,  7 0 . 0  E6 h a  n o n - c o n i f e r o u s  
( P e n d s e  1 9 8 2 )  
c o n i f e r o u s :  ( 4 . 8  E6 h a )  ( 1  E4 m2 /ha )  ( 2 . 1  E4 g/m2) ( 3 . 6  k c a l / g )  
n o n - c o n i f e r o u s :  ( 7 0 . 0  E6 h a )  ( 1  E4 m2 /ha )  ( 3 . 0  E4 g/m2) 
Energy-dollar Ratio 
The energy-dollar ratio (Figure 15.3 and Table 15.3) for 
India in 1978, was calculated from the chemical potential energy 
of water and tide, imported goods and services, indigenous non- 
renewable energy sources, and the gross national product. 
The energy/$ ratio of India was 6.36 El2 SEJ/$, about 
2 1/2 times that of the U.S., twice that of the U.S.S.R., and 
1/6 of Liberia. This means that for every dollar that an importer 
paid to India, he received 2 1/2 times more embodied energy than 
that dollar would buy in the U.S. or 1/6 of the embodied energy 
it would buy in Liberia. 
Balance of trade 
The embodied energy in international trade in 1978 is given 
in Figure 15.3b. The energy flows for the exports were calculated 
as the sum of the embodied energies of the flows of goods and the 
service labor energy calculated from the energy/$ ratio of India. 
The energy of the service labor flows accompanying the imports 
were calculated with the energy/$ ratio of the USA as a repre- 
sentative trading country. 
The money balance of payments shows that India's imports 
were greater than its exports by $1.4 billion. International 
assistance,loans and tourist dollars made up this deficit. 
On an embodied energy basis, India's imports were about 
1.4 times greater than its exports. These helped industrial 
development. They increased the average energy per person. Most 
of the exports were manufactured goods for which more embodied 
* iwn ius  > , 1 1 5.6 
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Figure 15.3. Summary diagrams of the embodied energy flows of 
India, 1978. An evaluation table is given as 
Table 15.3. Indices from these values are cal- 
culated in Table 15.4. 
Tab le  15.3 Summary f l o w s  f o r  I n d i a  i n  F i g u r e  15 .3 .  
L e t t e r  i n  
F igure  15.3 Item 
Embodied 
S o l a r  Energy Do l l a r s  
E22 SEJ/y E9 $/Y 
Renewable sou rces  used ( r a i n  33.4 
and t i d e )  
Nonrenewable sources  flow wi th in  
t h e  country ( N  + N + N 2 )  : 0 1 
No Dispersed r u r a l  source  ( s o i l )  9.9 
N1 Concentrated use ( f u e l s )  16.1 
N2 Exported without  use ( i r o n  1 .8  
o r e  1 
N 2 ,  Exported without  use minus 1 .7  
s e r v i c e s  
Imported minera l s  and f u e l s  6 .8  
Imported minera l s  and f u e l s  
without  s e r v i c e s  
Imported goods 0.5 
Imported goods without  s e r v i c e s  0 .1  
Se rv i ce s  and o t h e r  goods imported 1 .8  
Do l l a r s  p a i d  f o r  imports  - 
Dol l a r s  pa id  f o r  expor t s  - 
Exported goods and s e r v i c e s  3.9 
Exported products  transformed - 
wi th in  t h e  count ry  
Gross Nat iona l  Product  - 
Rat io  embodied energy t o  d o l l a r s  
of imports  (US energy/$ r a t i o )  
Rat io  embodied energy t o  d o l l a r  of 
Ind i a  and f o r  i t s  expor t s  
(energy/$ r a t i o )  
F o o t n o t e s  t o  T a b l e  1 5 . 3  
Rf  N ,  F f  G, P 2 1 ,  P I E  ( T a b l e  1 5 . 1 )  
N i  I r o n  ore expor t s :  1 . 8 1  E22  S E J / y ,  0 . 2 6 8  E9  $; I n d i a  e n / $ :  
6 . 3 6  E l 2  S E J / $ .  S e r v i c e s  i n c l u d e d  ( 6 . 3 6  E l 2  S E J / $ )  
( 0 . 2 6 8  E9  $ )  = . 1 7  E22  S E J / y  
N; = t o t a l  N 2  - services = 1 . 7  E22  S E J / y  
F t  O i l  i m p o r t e d :  4 . 5 7  S E J / y ,  1 . 9 7  E9 $ ( T a b l e  1 5 . 1 ) :  
US e n e r g y / $  r a t i o :  2 . 3 7  E l 2  SEJ/$. S e r v i c e s  i n c l u d e d  i n  
o i l :  ( 1 . 9 7  E9  $ ) ( 2 . 3 7  E l 2  S E J / $ )  = 0 . 4 7  E22  S E J / ~  
P h o s p h a t e  i m p o r t e d :  1 . 4 8  E22  S E J / y ,  $ 7 5 . 2  E6 $.  S e r v i c e s  
i n c l u d e d :  ( 7 5 . 2  E6 $ )  ( 2 . 3 7  E l 2  S E J / $ )  = 1 . 7 8  E20  S E J / y  
N i t r o g e n  i m p o r t e d :  0 . 7 9 6  E22  S E J / y ,  3 9 2 . 6  E6 $. S e r v i c e s  
i n c l u d e d :  ( 3 9 2 . 6  E6 $ ) ( 2 . 3 7  E l 2  S E J / $ )  = 9 . 3  E20 S E J / y  
F '  = t o t a l  F  - services = 6 . 8  - 0 . 6  = 6 . 2  S E J / y  
G' Imported m a c h i n e r y  a n d  i r o n  a n d  s teel :  0 . 5  S E J / y ,  $ 1 . 8  E9  $.  
S e r v i c e s  i n c l u d e d :  ( 1 . 8  E9 $ )  ( 2 . 3 7  E l 2  SEJ /$US)  
= 0.43 E22  S E J / y .  
Gt  = t o t a l  G - services = 0 . 5  - 0 . 4  = 0 . 1  S E J / y  
B' I n c l u d e d  i n  P I E .  
X GNP 8 6 , 9 2 7  E7  R u p e e s ,  1 9 7 8 - 7 9 ;  1 9 7 8  1  R u p e e  = . I 2 2  $ 
( P e n d s e  1 9 8 2 ) .  GNP = 1 0 6 . 1  E9  $ 
- ( 3 3 . 4  + 9 . 9  + 1 6 . 1  + 6 . 8  + 0 . 6  + 0 . 7 ) E 2 2  S E J  
1 0 6 . 1  E9  $ 
energy t h a n  raw p r o d u c t s .  The impor t  of f u e l  o i l  was a l s o  an  
advantage  a s  it brought  i n  more embodied energy t h a n  t h e  money 
would buy i n  I n d i a .  
The Rural  C a t t l e  V i l l a g e  System 
I n  Appendix A19 i s  g iven  a  diagram ( F i g u r e  A19 and Table  
A19) e v a l u a t i n g  t h e  s i m p le  c a t t l e  system of I n d i a .  I t  was a lmos t  
comple te ly  s e l f - s u f f i c i e n t ,  w i th  t h e  human and animal  l a b o r  
r e c y c l i n g  back i n t o  t h e  system. About 40% of t h e  dung i s  used 
f o r  f e r t i l i z e r  back on t h e  f i e l d s  and t h e  rest  f o r  cooking f u e l .  
B u t t e r  and mi lk  and sometimes c a l v e s  w e r e  s o l d  t o  buy s p e c i a l  
c a t t l e  f e e d  and goods f o r  human u s e .  
I n  t h e  p a s t  . t h i s  sys tem has  been s e l f - s u s t a i n i n g .  However, 
w i t h  I n d i a ' s  i n c r e a s e  i n  p o p u l a t i o n  and i n d u s t r y  and t h e  hope 
f o r  b e t t e r  j o b s ,  some of t h e  peop le  have been m i g r a t i n g  t o  t h e  
c i t i e s .  
N a t i o n a l  Overview R a t i o s  
Var ious  r a t i o s ,  c a l c u l a t e d  from d a t a  i n  F i g u r e  15.3 and 
Tab le  15.3 a r e  g i v en  i n  Table  15.4.  
Discuss ion  
I n d i a  i n  1978 was q u i t e  s e l f - s u f f i c i e n t .  Its 12% from 
f o r e i g n  t r a d e  compares w i t h  9% f o r  t h e  USSR and 93% f o r  West 
Germany (FRG). About 50% of  i t s  economy was dependent  on 
ind igenous  renewable s o u r c e s ,  such a s  sun ,  r a i n ,  t i d e s ,  and 
s to rms .  Th i r t y - n i n e  p e r c e n t  o f  t h e  economy r a n  on ind igenous  
nonrenewable s o u r c e s  o f  c o a l  and o t h e r  f u e l s ,  m i n e r a l s ,  and s o i l .  
Table 15.4 Indices using embodied energy for overview of India. 
Item Name of index and e.xpression, s e e  Figure  15.3 
1 Renewable enbcdied energy flow R 33.4 E22 SEJ/y 
2 Flow from indigenous  non- N 
renewable r e s e r v e s  
3  Flow of imported embodied F'+Gt+P21 
energy 
T o t a l  embedied energy in f lows  
T o t a l  embodied c l e r g y  used ,  U 
T o t a l  expor ted  ernboclied energy 
F r a c t i o n  of  erhodicd energy used 
de r ived  from home s o u r c e s  
Imports nirius ?:.:ports 
Ra t io  o f  e x p o r t s  t o  impor t s  
F r a c t i o n  of use  renewable 
F ' rzc t ion of use  i l :~ported 
F r a c t i o n  nseci t h a t  is i n p o r t e d  
s e r v i c e  
F r a c t i o n  of use  t h a t  i s  f r e e  0.64 
0.55 
2.05 E l l  S%/n 2  
Ra t io  of c o n c e n t r a t ~ d  t o  r u r a l  
Use p e r  u n i 5  . I r e s  
(3.29 El2 m-) 
16 Use pe r  c a p i t a  U/ (popu la t ion )  
( 6 . 3  EL? popula t ig i l ,  1978) 
17 Renewable c a r r y i n g  c a p a c i t y  a t  ( R / U )  ( p o p u l a t i o i ~ )  3 .1  E 8  populatiofi  
p r e s e n t  l i v i n g  s t a n d a r d  
18 Developed c a r r y i n g  c a p a c i t y  a t  8  ( R / U )  (popu la t ion )  2 4 . 8  E8 popu la t ion  
sane  l i v i n g  s t andard  
19 Ra t io  of use  t o  GNP 
( ene rgy-do l l a r  r a t i o )  
2 0 F'raction e l e c t r i c  ( t o t a l  e l e c t r i c )  /(U) 0.09 
2  1 Fuel  p e r  person ( f u e l  use) / (popuLation) 3.97 El4  SEJ/cap 
C a r r y i n g  C a p a c i t y  
I f  t h e  economy were r u n n i n g  o n l y  on t h e  r enewab le  s o u r c e s ,  
it c o u l d  s u p p o r t  o n l y  a b o u t  50% o f  t h e  p o p u l a t i o n  a t  t h e  1978 
s t a n d a r d  o f  l i v i n g  ( e n e r g y  p e r  p e r s o n )  o r  t h e  same p o p u l a t i o n  
a t  50% o f  t h e  p r e s e n t  e n e r g y  p e r  p e r s o n .  
One i n d e x  o f  t h e  amount o f  deve lopment  i n  t h e  c o u n t r y  i s  
t h e  r a t i o  o f  f u e l s  t o  e n v i r o n m e n t a l  e n e r g y .  The I n d i a n  r a t i o  
o f  0 .55 compared w i t h  t h a t  o f  N e w  Zealand  o f  0 .77  and t h e  US o f  
5.0.  I f  I n d i a  k e p t  i t s  p o p u l a t i o n  s t a b l e  and  d e v e l o p e d  i t s  
energy- to-envi ronment  r a t i o  up t o  t h a t  o f  t h e  U S ,  it c o u l d  r a i s e  
t h e  e n e r g y  p e r  p e r s o n  12 t i m e s  more t h a n  it was. I t s  1978 
e n e r g y  p e r  p e r s o n  was v e r y  low,  1 .07 E l 5  SEJ/y compared t o  
L i b e r i a ' s  26 E l 5  SEJ/y and West Germany's 28 E l 5  SEJLy. 
E l e c t r i c  Power 
The r a t i o  o f  e l ec t r i c  power t o  t o t a l  embodied e n e r g y  u s e  
may b e  a n o t h e r  i n d e x  o f  economic development .  The r a t i o  f o r  
I n d i a  was 0 .09 ,  l ess  t h a n  N e w  Zealand  ( 0 . 1 6 )  and  t h e  USSR ( 0 . 1 6 9 ) ,  
and more t h a n  L i b e r i a  (0 .01  ) . 
A d d i t i o n a l  h y d r o e l e c t r i c  power p l a n t s  a r e  p o s s i b l e  on  t h e  
h i g h  mountain r i v e r s .  
S o i l ,  F o r e s t r y  and  A g r i c u l t u r e  
F o r e s t s  which o c c u p i e d  a b o u t  22 .7% (74 .8  E 6 . h a )  o f  t h e  a r e a  
of  I n d i a  i n  1978, were used  f o r  t i m b e r  p r o d u c t i o n  and  g r a z i n g .  
The N a t i o n a l  F o r e s t  P o l i c y  aimed a t  m a i n t a i n i n g  1/3 o f  t o t a l  a r e a  
of  f o r e s t s .  Even though 3.8 E6 h a  had been  r e f o r e s t e d ,  t h e r e  
had been  a  l o s s  o f  f o r e s t  a r e a  o f  a b o u t  4 .5  E6 ha  i n  t h e  l a s t  30 
yea r s .  This  l o s s  was due t o  t h e  p r e s s u r e  of t h e  i nc reased  pop- 
u l a t i o n ,  which c u t  t h e  wood and d i v e r t e d  t h e  land  t o  a g r i -  
c u l t u r e  and development. 
Much of  t h e  wood harves ted  was used d i r e c t l y  a s  f u e l  o r  made 
i n t o  cha rcoa l  f o r  home cooking f i r e s .  Some wood produc ts  were 
exported t o  make s h e l l a c .  
The f o r e s t s  a r e  t h e o r e t i c a l l y  renewable. But, a s  t h e  s o i l  
i s  d e t e r i o r a t i n g  and t h e  popula t ion  i n c r e a s i n g ,  t h e  f o r e s t s  a r e  
being consumed. Added f e r t i l i z e r  could he lp  renew t h e s e  s o i l s .  
Rota t ing  use  of f o r e s t  and a g r i c u l t u r a l  l ands  a l low t h e  s o i l s  t o  
r e b u i l d  themselves.  
Summary 
There a r e  two ways t o  i n c r e a s e  t h e  energy pe r  person i n  a  
country- increase  t h e  f lows of energy and reduce t h e  number of 
people .  I n  cons ide r ing  t h e  energy s i t u a t i o n  i n  I n d i a ,  t h e  energy 
balance of  t r a d e  was a  p o s i t i v e  flow of energy.  However, Ind i a  
was s t i l l  l o s i n g  i n  t h e  e x p o r t  of i r o n  o r e ,  and t h e  consumption 
of  c o a l ,  s o i l ,  and f o r e s t s .  
Some people f e e l  t h a t  t h e  r u r a l  ca t t l e -dung  system (Appendix 
A19) i n  t h e  v i l l a g e s  should be encouraged a s  an e f f i c i e n t  use  
of  l o c a l  environmental  and human ene rg i e s  a s  we l l  a s  t o  g ive  
s t a b i l i t y  t o  t h e  s o c i a l  and economic system of  t h e  whole count ry .  
J .P .  Sendzimir and Gi se l a  Bosch 
C e n t e r  f o r  We t lands  
and 
Environmenta l  Eng ineer ing  S c i e n c e s  
U n i v e r s i t y  o f  F l o r i d a  
G a i n e s v i  l l e  
1 6 .  ENERGY ANALYSIS OVERVIEW OF POLAND 
I N T R O D U C T I O N  
This  i s  an energy a n a l y s i s  of t h e  main energy flows of t h e  
P o l i s h  People ' s  Republic,  wi th  i t s  systems of n a t u r e  and humanity 
and i t s  i n t e r p l a y  of  renewable r e sou rces ,  indigenous non-renewable 
r e sou rces  and imported r e sou rces  t h a t  gene ra t e  t h e  economy. An 
aggregated diagram was used t o  r e p r e s e n t  t o t a l s  f o r  o v e r a l l  
comparisons. Seve ra l  r a t i o s  (ou t s ide - in s ide  energy r a t i o ,  embodied 
energy t r a d e  r a t i o ,  e t c . ) ,  were c a l c u l a t e d  t o  compare t h e  P o l i s h  
Peop le ' s  Republic wi th  o t h e r  c o u n t r i e s  and t o  suppor t  p r e d i c t i o n s .  
Poland, (F igure  1 6 . 1 ) ,  a  country  i n  n o r t h e a s t e r n  Europe, 
i s  bordered on t h e  n o r t h  by t h e  B a l t i c  Sea,  on t h e  sou th  by 
Czechoslovakia,  on t h e  e a s t  by t h e  Sov ie t  Union and on t h e  west  
by t h e  German Democratic Republic.  Poland can be d iv ided  i n t o  
t h r e e  main reg ions .  South of S i l e s i a  a r e  t h e  mountains of  t h e  
Sudetes  and t h e  Carpa th ians .  The Carpa th ians  a r e  h ighe r  and 
Czechoslovakia 
Figure 16.1. Map of Poland, its main geographical 
features, land uses and energy 
storages as modified from the Oxford 
Economic Atlas of the World. 
younger t h a n  t h e  S u d e t e s  and r each  a  maximum e l e v a t i o n  o f  2500 m. 
North o f  t h e  mountains l i e s  t h e  f e r t i l e ,  loess -covered  r e g i o n  
o f  S i l e s i a .  I t  h a s  a  w e l l  d r a i n e d  loamy s o i l  i n  which suga r  
b e e t s ,  r y e  and p o t a t o e s  a r e  grown. Upper S i l e s i a  c o n t a i n s  one 
of  Europe ' s  r i c h e s t  c o a l  f i e l d s .  Two-thirds of P o l a n d ' s  t o t a l  
2  
a r e a  (3.12 ~ l l  m ) i s  a  low-lying p l a i n ,  which i s  p a r t  o f  t h e  
North European P l a i n ,  d i v i d e d  by s e v e r a l  r i d g e s  formed by bou lder  
c l a y ,  s a n d ,  and g r a v e l  t h e  i c e  s h e e t s  o f  t h e  I c e  Age have l e f t .  
The r e g io n  i s  of  c o n s i d e r a b l e  a g r i c u l t u r a l  impor tance  e s p e c i a l l y  
f o r  c e r e a l  p r o d u c t i o n .  North of  t h e  C e n t r a l  Lowlands s e v e r a l  
hundred l a k e s  a r e  s p r e a d  o u t  over  t h i s  moraine r e g i o n .  Out o f  
t h e  t o t a l  a r e a  o f  Poland 66% i s  c r o p s  and p a s t u r e l a n d ,  27% i s  
f o r e s t  and t h e  res t  of it i s  f o r  urban u se .  
C l i m a t i c a l l y  Poland i s  open t o  t h e  i n f l u e n c e  o f  t h e  p re -  
v a i l i n g ,  v a r i a b l e  w e s t e r l y  winds.  Summers a r e  warm w i t h  a  mean 
J u l y  t e mp e r a t u r e  o f  lgO C. Winte rs  a r e  ve ry  c o l d  w i t h  s t r o n g  
winds from t h e  Russ ian  p l a i n s .  The t empe ra tu r e s  a r e  below 
f r e e z i n g  p o i n t  f o r  a t  l e a s t  two w i n t e r  months w i t h  a mean temp- 
o  
e r a t u r e  o f  -3 C .  
I n  1977 t h e r e  w e r e  34.5 m i l l i o n  peop l e .  The ave rage  pop- 
2 
u l a t i o n  d e n s i t y  was 110.6 people/km , w i t h  12% of  t h e  t o t a l  pop- 
u l a t i o n  l i v i n g  i n  t h e  e i g h t  b i g g e s t  c i t i e s  of  t h e  coun t ry .  
METHODS 
The p rocedures  and methods used w e r e  t h o s e  g iven  i n  p a r t  I ,  
s e c t i o n s  1 t o  5. A f t e r  an energy diagram was drawn ( F i g u r e  1 6 . 2 ) ,  
t h e  a c t u a l  energy  s t o r a g e s  and f lows were e s t i m a t e d  and m u l t i p l i e d  
by t h e  energy t r a n s f o r m a t i o n  r a t i o s  ( T a b l e s  16.1 and 1 6 . 2 ) .  

This c a l c u l a t i o n  exp res se s  a l l  s t o r a g e s  and flows i n  embodied 
so l a r - equ iva l en t  j ou l e s  (SEJ) which a l lows  t h e  comparison and 
e v a l u a t i o n  of t h e  d i f f e r e n t  s t o r a g e s  and f lows.  
Most d a t a  (1937) were der ived  from t h e  fo l lowing  r e f e r e n c e s :  
Comecon Foreign Trade Data 1980, Rocznik S t a ty s tyczny  1978, FA0 
F e r t i l i z e r  Yearbook 1978 and United Nations Yearbook of I n t e r -  
n a t i o n a l  Trade S t a t i s t i c s  1980. The i n t r o d u c t i o n  was a b s t r a c t e d  
from C o l l i e r ' s  Encyclopedia 1981. The u n i t  of currency i n  t h e  
Po l i sh  Peop le ' s  Republic i s  t h e  Zloty.  I n  1977 t h e  exchange r a t e  
was 0.301 $/Zloty  (Comecon Data 1981) .  
The t o t a l  embodied energy of c o a l  consumed i n  Poland,  l e s s  
t h e  embodied e n e r g i e s  of c o a l  used f o r  e l e c t r i c i t y  and home 
h e a t i n g ,  was used a s  t h e  f o s s i l  f u e l  embodied i n  i n d u s t r i a l  
product ion.  I n  t h e  absence of  d i r e c t  s t a t i s t i c s  t h i s  product ion 
was used a s  t h e  energy embodied i n  i n d u s t r i a l  e x p o r t s ,  probably 
an overes t imate .  
RESULTS 
Poland ' s  complex energy r e l a t i o n s h i p s  a r e  shown i n  F igure  
1 6 . 2 ,  an energy diagram showing s i g n i f i c a n t  o u t s i d e  energy 
sou rces ,  i n t e r n a l  s t o r a g e s  and energy u s e s .  Energy flows a r e  
l i s t e d  i n  Table 1 6 . 1 ,  and energy s t o r a g e s  a r e  l i s t e d  i n  Table 1 6 . 2 .  
Table 1 6 . 1  shows t h a t  t h e  dominant n a t u r a l  i n f low of energy 
i s  t h e  chemical p o t e n t i a l  of r a i n ,  a l though t h e  h e a t  f low i n  
"Ear th  Cycle" may be of s i m i l a r  importance. Even l a r g e r  flows 
d i r e c t l y  involved i n  t h e  human economy a r e  1 )  c o a l  expor t  and 
consumption, 2 )  o i l  impor t ,  3 )  e l e c t r i c i t y  p roduc t ion ,  and 4 )  
i r o n  o r e  import .  
Table 16.1 Energy flows of Poland. 
Footnote  Type of  Energy 
ETR 
Actual  SEJ/J 
Energy o r  
J/Y SEJ/$ , 




Direc t  s u n l i g h t  
Rain, geopo ten t i a l  
Rain, chem. p o t e n t i a l  1.03 El8 
Rivers ,  g e o p o t e n t i a l  
Net formation of e a r t h  
Net l o s s  of  t o p s o i l  
Ea r th  cyc l e  
Wood use  i n t e r n a l l y  
S u l f u r  exported - - 
Goods n e t  expor t  5.03 El6 
Fue ls  
Coal (extort-import) 
Coal ( t o t a l  p roduct ion)  
O i l  ( import-export)  
Gas ( import-export)  
E l e c t r i c i t y  
~ l e c t r i c i t y  ( import-export)  
E l e c t r i c i t y  product ion  
Goods used whose va lue  i s  i n  
i t s  concen t r a t i on  ( import-export)  
Raw Fe and s t e e l  
Refined Fe and s t e e l  
Fe and s t e e l  end products  
Bauxi te  
T a b l e  16.1 c o n t i n u e d .  
ETR So la r  
Actual SE J/ J Embodied 
Energy o r  Energy 
Footnote Type of Energy J/Y SEJ/$ E 2 1  SEJ/y 
13.6 Magnesium o r e  -- - - -- 
13.7 Chrome o r e  - - -- - - 
13.8 Zinc -- - - -- 
13.9 Copper expor t  11.8 E3 T/y 4.7 El5 SEJ/T 0.55 
13.10 Rubber 2.6 El5  2 .1  E4 0.05 
13.11 F e r t i l i z e r  ( import)  
Phosphate 9.66 E5 T 1.44 El6 SEJ/T 13.9 
Nitrogen 1.53 E6 T 2.48 E9 SEJ/T 3.8 El5 
F o o t n o t e s  t o  T a b l e  16.1 
1 .  Direct s u n l i g h t  
2  Area o f  P o l a n d ,  3.12 E l l  m , and i t s  s h e l f  a r e a ,  0 .35  El0 m 2  
(The Londoq ~ i m e s  1973)  , m u l t i p l i e d  by a n n u a l  s o l a r  e n e r g y ,  
90 kca l /cm / y r  ( S e l l e r s  1965)  
( T o t a l  a r e a )  ( c o n v e r s i o n  f a c t o r )  ( h e a t / a r e a )  ( c o n v e r s i o n  f a c t o r )  
2  2  (3 .47  E l l  m 2 )  (1  E4 c m  /m ) (90 kca l /cm2/y)  (4186 J / k c a l )  
2 .  Rain ,  G e o p o t e n t i a l  
Average e l e v a t i o n :  150 m ( a v e r a g i n g  o f  e l e v a t i o n  a r e a s  on  
map, Rocznik S t a t i s t y c z n y  1978 ( 1 9 7 8 ) ,  p .  X X X I ) ,  Runoff :  
317 mm/y = 0.32 m/y ( t o t a l  r u n o f f  f rom V i s t u l a  and  Oder r i v e r s ,  
UNESCO 1978)  
(Land a r e a )  ( a v .  e l e v a t i o n )  ( r u n o f f )  ( d e n s i t y )  ( g r a v i t y )  
(3 .12  E l l  m 2 ) ( 1 5 0  m ) ( . 3 2  m/y) (1  E3 kg /m3) (9 .8  m / s )  
= 1.47 ~ 1 7  J / y  
F o o t n o t e s  t o  T a b l e  16.1 c o n t i n u e d .  
3.  Ra in ,  c h e m i c a l  p o t e n t i a l  
P r e c i p i t a t i o n :  600 mm/y = 0 .6  m/y ( S t a t y s t y c z n y  Rocznik 
1978 (1978)  
( T o t a l  a r e a )  ( a v e r a g e  r a i n / y )  (G ibbs  f r e e  e n e r g y )  ( u n i t s )  
2  (3 .47  E l l  m ) ( 0 . 6  m/y) (4 .94 J / g )  ( 1  E6 g/m3) = 1.03  E l 8  J / y  
4 .  R i v e r s ,  f l o w i n g  g e o p o t e n t i a l  
Volume f l o w  o f  t h e  2  m a j o r  r i v e r s ,  V i s t u l a  and  Oder:  
49.8 km3/y. Average h e i g h t  o f  t h e  r i v e r s :  150 m. 
(Volume f l o w )  ( w a t e r  d e n s i t y )  ( a v .  r i v e r  h t .  ) ( g r a v i t y )  
3  3  2  3  (49.8 km3/y) ( 1  E9 m /km ) (150 m) ( 9 . 8  m / s  ) ( 1  E3 kg/m ) 
= 7.32 E l6  J / y  
5 .  N e t  f o r m a t i o n  o f  e a r t h  
Fo rma t ion  r a t e :  3 1 .2  g/m2/y (Appendix A.  18)  
E r o s i o n  r a t e :  10-50 ~ / k m ~ / ~  (30 ~ / k m ~ / ~  a v e r a g e )  o v e r  80% 
o f  P o l a n d ,  10 T / k m 2 / ~  o v e r  20% o f  Po land  
(Snead  1980, Map 1-15, p .  3 3 ) .  
Weighted  a v e r a g e  26 T/km2/y = (26 g /m2/y )  (3 .12  El 1 m 2 )  
e r o s i o n  r a t e :  
= 8.1  E l 2  g/y 
( E r o s i o n  o u t f l o w )  - ( f o r m a t i o n  r a t e )  ( a r e a  o f  c o u n t r y )  
( 8 . 1  E l 2  g /y )  - (31 .2  g/m2/y) (3 .12  E l l  m 2 )  
= -1.6 E l2  g/y = n e t  f o r m a t i o n  
(1 .6  E l2  g /y )  (1 .71  E9 S E J / ~ )  = 2.73  E l 2  SEJ/y f o r m a t i o n  
6 .  N e t  l o s s  o f  t o p s o i l  
T y p i c a l  f o r m a t i o n  r a t e :  1260 g/m2/y o r  8 .54 E5 ~ / m ~ / ~  
(Appendix A. 1 8  ) . 
2  E r o s i o n  r a t e :  700 g/m /y (same a s  f a r m l a n d  i n  t h e  North-  
e a s t e r n  USA, Appendix A.18) .  
2  A g r i c u l t u r a l  l a n d :  1.91 E l l  m , f o r e s t e d  l a n d  8.64 E l0  m 2  
(Rocznik  S t a t y s t y c z n y  1978 ( 1  978) , p .  199)  . 
(Farmed a r e a )  ( e r o s i o n  r a t e )  - ( s u c c e s s i o n a l  a r e a )  ( f o r m a t i o n  
r a t e )  
F o o t n o t e s  t o  T a b l e  1 6 . 1  c o n t i n u e d .  
( 1 . 9 1  E l l  m2) ( 7 0 0  g/m2/y) - ( 8 . 6 4  E l 0  m2) ( 1 2 6 0  g/rn2/y)  
= 2 . 4 8  E l 3  g / y  
n e t  e r o s i o n  
( 2 . 4 8  E l 3  g / y )  ( 0 . 0 3  o r g a n i c )  ( 5 . 4  k c a l / g )  ( 4 1 8 6  J / k c a l )  
= 1 . 6 8  E l 6  J 
7 .  E a r t h  c y c l e  
2  H e a t  f l o w  i n  t h e  g r o u n d  i n  P o l a n d :  1  y c a l / c m  /s ( S c l a t e r  
e t  a l .  1 9 8 0 )  
2  2  ( 3 . 1 5  E7 s / y )  ( 1  E-6 c a l / c m 2 / s )  ( 1  E4 cm /m ) ( 1  k c a l / l  E 3  c a l )  
( 4 1 8 6  J / k c a l )  ( 3 . 1 2  E l l  mZ) = 4 . 1 2  E l 7  J / y  
8 .  Wood u s e d  i n t e r n a l l y  
T o t a l  p r o d u c t i o n :  2 3 , 7 5 6  E 3  mJ = 1 6 . 6  E6 T  ( R o c z n i k  
S t a t y s t y c z n y  1 9 7 8  ( 1 9 7 8 ) ,  p .  2 5 4 )  
E x p o r t s :  4 8 4  E3  T  (Comecon  Data 1 9 8 1 )  
A c t u a l  e n e r g y / T :  1 3 . 8  E9 J/T ( F l u c k  a n d  B a i r d  1 9 8 0 )  
( T o t a l  w e i g h t )  ( a c t u a l  j o u l e s / T )  
9 .  S u l f u r  e x p o r t  
T o t a l  1 9 7 7  e x p o r t :  4 3 9 9  E 3  T  ( R o c z n i k  S t a t y s t y c z n y  1 9 7 8  
( 1 9 7 8 ) ,  p. 2 9 2 )  
1 0 .  Goods u s e d  i n  r e a c t i o n  w i t h  o x y g e n  
I m p o r t s  1 9 7 7  ( R o c z n i k  S t a t y s t y c z n y  1 9 7 8  ( 1 9 7 8 ) ,  p .  2 9 1 )  
Meat 9 8 4 4 7  T  
G r a i n s  3 . 8 8  E6 T  
Wood p r o d u c t s  ( p a p e r ,  c e l l u l o s e  i 4 . 2 4  E5 T  C u t  t i m b e r  ( 2 1 3 , 0 0 0  m3) ( 0 . 7  T/m ) 1 . 4 9  E5 T  
E x p o r t s  1 9 7 7  ( R o c z n i k  S t a t y s t y c z n y  1 9 7 8  ( 1 9 7 8 ) ,  p .  2 9 1 )  
Meat 1 5 9 , 3 8 2  T  
S u g a r  2 5 1 , 0 0 0  T  
A l c o h o l  2 8 1  E5 l i t e r s  
L i v e s t o c k  2 4 5  E3  T  
Wood 3  0 . 7  E6 g  ( 6 9 2  E 3  m  ) ( 1  T  3  ' ( 1  E6 g  1 = 4 8 4  E3  T  m  
F o o t n o t e s  t o  T a b l e  1 6 . 1  c o n t i n u e d .  
( I m p o r t s - E x p o r t s )  1 9 7 7  
L i v e s t o c k ,  m e a t  a n d  m e a t  p r o d u c t s  
G r a i n s  
Wood a n d  w o o d  p r o d u c t s  
S u g a r  
Alcohol 
- 3 0 5 , 9 3 5  T  
3 . 8 8  E6 T  
8 9  E 3  T  
- 2 5 1  E 3  T  
- 2 8 1  E 5  l i t e r s  
A c t u a l  e n e r g y  ( B u r n e t t  1 9 7 8 ) ( F l u c k  a n d  B a i r d  1 9 8 0 )  
B e e f  1 5 . 8  E 9  J / T  
G r a i n s  1 3 . 9  E 9  J/T 
L u m b e r  1 3 . 8  E 9  J / T  
S u g a r  1 6 . 7  E 9  J / T  
A l c o h o l  1 6 . 7  E 9  J / T  
A c t u a l  j o u l e s  
B e e f  ( - 3 0 5 , 9 3 5  T )  ( 1 5 . 8  E 9  J / T )  = - 4 . 8 3  E l 5  J / y  
G r a i n s  ( 3 . 8 8  E6 T )  ( 1 3 . 9  E9 J / T )  = 5 . 3 9  E l 6  J / y  
L u m b e r  ( 8 0  E 3  T )  ( 1 3 . 8  E9 J /T)  = 1 . 1 0  E l 5  J / y  
S u g a r  ( - 2 5 1  E 3  T )  ( 1 6 . 7  E 9  J/T) = - 4 . 1 9  E l 5  J / y  
A l c o h o l  ( - 2 8  E 3  T )  ( 1 6 . 7  E9 J/T) = - 4 . 6 7  E l 4  J / y  
TOTAL = 5 . 0 3  E l 6  J / y  
E m b o d i e d  energy ( E T R ' s  f r o m  T a b l e  3 . 1 )  
B e e f  ( 4 . 8 3  E l 5  J / y )  ( 4 . 0  E6  SEJ/J)  = - 1 . 9 3  E 2 2  S E J / y  
G r a i n s  ( 5 . 3 9  E l 6  J / y )  ( 6 . 8  E4  S E J / J )  = 3 . 6 7  E 2 1  S E J / y  
L u m b e r  ( 1 . 1 0  E l  5  J / y )  ( 3 . 5  E4  S E J / J )  = 3 . 8 6  E l 9  S E J / y  
S u g a r  ( 4 . 1 9  E l 5  J / y )  ( 8 . 4  E4 S E J / J )  = - 3 . 5 2  E 2 0  S E J / y  
A l c o h o l  ( 4  - 6 8  E l  4  J / y )  ( 6 . 0  E4 S E J / J )  = - 2 . 8 1  E l 9  S E J / y  
TOTAL = - 1 . 5 9  E 2 2  S E J / y  
1 1 .  F u e l s  ( C o m e c o n  F o r e i g n  T r a d e  D a t a  1 9 8 0  ( 1 9 8 1 )  ) 
1 1 . 1  C o a l  
a )  H a r d  coal 
I m p o r t  1 . 0 8  E6  T / y  
E x p o r t  3 9 . 3  E6 T / y  
( I m p o r t - E x p o r t )  - 3 8 . 2 2  E6 T / y  
A c t u a l  energy ( S t a t .  Y e a r b o o k  f o r  FRG 1 9 8 1 )  3 0 . 6 5  E 9  J/T 
( - 3 8 . 2 2  E6  T / Y )  ( 3 0 . 6 5  E9 J/T) - 1 . 1 7  E l 8  J / y  
b)  L i g n i t e  
I m p o r t  -- 
E x p o r t  3 . 3 8  E6 T / y  
( I m p o r t - E x p o r t )  - 3 . 3 8  E6 T / y  
A c t u a l  e n e r g y  ( S t a t .  Y e a r b o o k  f o r  FRG 1 9 8 1 )  1 6 . 2 6  E9 J / T  
( - 3 . 3 8  E6 J / y )  ( 1 6 . 2 6  E9 J / T )  - 5 . 4 6  E l 6  J / T  
F o o t n o t e s  t o  T a b l e  1 6 . 1  c o n t i n u e d .  
c )  C o k e  
I m p o r t  -- 
E x p o r t  3 . 1 1  E6 T/y  
( I m p o r t - E x p o r t )  - 3 . 1 1  E6 T /y  
A c t u a l  E n e r g y  ( S t a t .  Y e a r b o o k  f o r  FRG 1 9 8 1 )  3 0 . 6 5  E9  J / T  
( - 3 . 1 1  E6 J / y )  ( 3 0 . 6 5  E9  J / T )  - 9 . 5 3  E l 6  J / y  
d)  T o t a l  coal  p r o d u c t i o n  ( R o c z n i k  S t a t y s t y c z n y  1 9 7 8  ( 1 9 7 8 )  ) 
Hard coal  1 8 6 . 1  E6 ~ / y  
A c t u a l  e n e r g y  ( S t a t .  Y e a r b o o k  f o r  FRG 1 9 8 1 )  3 0 . 6 5  E9 J / T  
( 1 8 6 . 1  E6 T )  ( 3 0 . 6 5  E9 J / T )  5 . 7  E l 8  J / y  
L i g n i t e  4 0 . 8  E6 T/y 
A c t u a l  e n e r g y  ( S t a t .  Y e a r b o o k  f o r  FRG 1 9 8 1 )  1 6 . 2 6  E9 J / T  
( 4 0 . 8  E6 T /y )  ( 1 6 . 2 6  E9 J / T )  6 . 6  E l 7  J / y  
1 1 . 2  C r u d e  o i l  
I m p o r t  
E x p o r t  
( I m p o r t - E x p o r t )  
A c t u a l  e n e r g y  ( T a b l e  2 . 1 )  
( 1 4 . 2 5  E6 T / y )  ( 4 . 5  E l 0  J /T)  
1 1 . 3  N a t u r a l  a n d  m a n u f a c t u r e d  g a s  
I m p o r t  2 . 7 6  E9 m3/y 
E x p o r t  -- 
( I m p o r t - E x p o r t )  2 . 7 6  E9 m  / 
A c t u a l  e n e r  y  ( S t a t .  Y e a r b o o k  f o r  FRG 1 9 8 1 )  9 3 3 5 1 6 9  E 3  J /m ( 2 . 7 5 9  E9 m  ) ( 3 5 1 6 9  E 3  ~ / m ~ )  9 . 7  E l 6  J / y  
1 2 .  E l e c t r i c i t y  ( R o c z n i k  S t a t y s t y c z n y  1 9 7 8  ( 1 9 7 8 1 ,  p. 1 6 7 )  
1 2 . 1  E l e c t r i c i t y  t r ade  
I m p o r t  
E x p o r t  
( I m p o r t - ~ x p o r t )  
( 3 0  E6 kwh /y )  ( 3 . 6  E6 J / k w h )  
1 2 . 2  E l e c t r i c i t y  p r o d u c t i o n  
C o n v e r s i o n  f a c t o r  
( 1 . 0 9  E l l  k w h / y ) ( 3 . 6  E6 J / k w h )  
1 3 .  G o o d s  u s e d  w h o s e  v a l u e  i s  i n  i t s  c o n c e n t r a t i o n  
( i m p o r t - e x p o r t )  (Comecon  F o r e i g n  T r a d e  D a t a  1 9 8 0  ( 1 9 8 1 ) )  
1 3 . 1  F e - o r e  
I m p o r t  1 6 . 9 4  E6 T/y  
E x p o r t  -- 
( I m p o r t - E x p o r t )  1 6 . 9 4  E6 T/y  
A c t u a l  e n e r g y  ( e x t r a p .  f r o m  G i l l i l a n d  3 . 3 7  E7  J / T  
e t  a l .  1 9 7 8 )  
( 1 6 . 9 4  E6 T / y )  ( 3 . 3 7  E7  J / T )  5 . 7 1  E l 4  J / y  
F o o t n o t e s  t o  Table  16.1 c o n t i n u e d .  
13.2 Raw Fe and s t e e l  
Import  
Expor t  
( Import-Export)  
A c t u a l  ene rgy  ( e x t r a p .  from G i l l i l a n d  
e t  a l .  1978) 
(1.75 E6 T/y) (9 .04  E7 J / T )  
13.3  Ref ined Fe and s t e e l  
Import  
Expor t  
( Import-Export)  
A c t u a l  ene rgy  ( e x t r a p .  from G i l l i l a n d  
e t  a l .  1978) 
(0 .53  E6 T/y) (9 .04  E7 J/T) 
13.4 Fe and s tee l  end-products  
Impor t  ( i n c o m p l e t e  d a t a )  
Expor t  ( i n c o m p l e t e  d a t a )  
(Impor t -Expor t  ) 
A c t u a l  ene rgy  ( e x t r a p .  from G i l l i l a n d  
e t  a l .  1978) 
(35345 T/y) (9 .04  E7 J / T )  
13.5 B a u x i t e  
Import  
Expor t  
( Impor t -Expor t )  
A c t u a l  ene rgy  (Lavine  and B u t l e r  1982) 
(69 E3 T/y) (6 .5  E7 J /T)  
13.6 Magnesium-ore 
Impor t  
Expor t  
( Import-Export)  
13.7 Chrom-ore 
Impor t  
Expor t  
( Import-Export)  
13.8 Zinc 
Import  
Expor t  
( Import-Export)  
13.9 Copper 
Impor t  
Expor t  
( Impor t -Expor t )  
F o o t n o t e s  t o  T a b l e  1 6 . 1  c o n t i n u e d .  
R ough  c a l c u l a t i o n  o f  t h e  Cu-ETR: 
T o t a l  e n e r g y  r e q u i r e d  f o r  t h e  9 7  E6 J / k g  
C u - p r o d u c t i o n  ( S l e s s e r  1 9 7 8 )  
ETR f o r  coal  3 . 9 8  E4 SEJ/J 
( 9 7  E6 J / k g )  ( 3 . 9 8  E4 S E J / J )  = 3 . 8 6  E l 2  S E J / k g  
ETR f o r  C U - o r e  + -- 0 . 8 5  E12  S E J / k g  
ETR f o r  CU 4 . 7  E l 2  S E J / k g  
4 .7  E l 5  S E J / T  
1 3 . 1 0  R u b b e r  
I m p o r t  ( U N  1 9 8 1 b )  
E x p o r t  
( I m p o r t - E x p o r t )  
Gibbs F r e e  E n e r g y  ( T a b l e  7 . 1 ,  
f o o t n o t e  1 3 )  
( 1 7 9  E 3  T / y ) ( 1 . 4 7  E l 0  J / T )  
1 3 . 1 1  F e r t i l i z e r  c o n s u m p t i o n  ( i m p o r t e d )  (FA0 1 9 7 9 )  
p h o s p h a t e  ( n a t u r a l )  9 6 6 2 4 5  T/y  
n i t r o g e n  1 5 2 8 9 3 2  T /y  
1 3 . 1 2  C e m e n t  ( ~ o c z n i k  S t a t y s t y c z n y  1 9 7 8  ( 1 9 7 8 ) )  
I m ~ o r t  2 6 3 . 3  E 3  T /v  
~ x b o r t  1 5 9 0 . 8  E 3  T/? 
( I m p o r t - E x p o r t )  - 1 3 2 7 . 5  E 3  T/y  
A c t u a l  e n e r g y  ( S l e s s e r  a n d  L e w i s  1 9 7 9 )  0 . 1 8  E9 J / T  
( - 1 3 2 7 . 5  E 3  T / y )  ( 0 . 1 8  E9 J / T )  2 . 3 9  E l 4  J / y  
T a b l e  1 6 . 2  E n e r g y  s torages  i n  P o l a n d .  
Energy Embodied 
A c t u a l  Trans fo rmat ion  S o l a r  Energy 
Energy R a t i o  S t o r e d  
Foo tno te  I t e m  J SEJ/J E23 SEJ 
1 F u e l  r e s o u r c e s  1 . 4  E21 3.98 E4 560.0  
S o i l s  
Farmed l a n d  1 .22 E l 9  6 .25 E4 
F o r e s t e d  l a n d  1 .55  E l9  6 .25 E4 9 .7  
3  Wood 2.53 E l 9  6 . 7  E3 
F o o t n o t e s  t o  T a b l e  1 6 . 2  
1 .  F u e l  r e s o u r c e s  a n d  r e s e r v e s  
S o l i d  f u e l s ,  coa l ,  g e o l o g i c a l  r e s o u r c e s :  4 8 , 1 5 0  E6 t o n s  
coal  e q u i v a l e n t  (Comecon  Data 1 9 8 1  ( 1 9 8 2 )  , p .  4 2 4 )  . N a t u r a l  
g a s  " u l t i m a t e  r e c o v e r a b l e  r e s e r v e s " :  4 6 0 0  E l 5  J (Comecon  
D a t a  1 9 8 1  ( 1 9 8 2 ) ,  p .  4 2 4 ) .  
S o l i d  f u e l s :  
( 4 8 , 1 5 0  E6 TCE) ( 7  E6 k c a l / T )  ( 4 1 8 6  J / k c a l )  = 1 . 4  E21 J 
2 .  T o p s o i l s  
Sum of areas of f a r m e d  soi ls  a n d  f o r e s t  s o i l s .  O r g a n i c  
m a t t e r  i n  f a r m e d  s o i l s :  1 1 . 4  T / a c r e  ( B r a d  1 9 7 4 ) .  T o t a l  
f a r m e d  a c r e a g e :  1 9  1  1  1  E3  ha = 1 . 9  1  E  11  mY ( R o c z n i k  S t a t -  
y s t y c z n y  1 9 7 8  ( 1 9 7 8 )  , 1 9 9 ) .  T o t a l  fores ted  area:  
8 6 4 0  E 3  h a  = 8 . 6 4  E l 0  i2 ( R o c z n i k  S t a t y s t y c z n y  1 9 7 8  ( 1 9 7 8 ) ,  
p .  1 9 9 ) .  
F a r m e d  s o i l s :  
( 1 . 9 1  E l l  m2) ( 1 1 . 4  T/A) ( 1  E6 g / T )  ( 5 . 4  k c a l / g )  ( 4 1 8 6  J / k c a l )  
( 4 . 0 5  E3  m 2 / ~ )  
F o r e s t  s o i l s  : 
2  3  3  ( 8 . 6 4  E l 0  m  ) ( 0 . 0 3  o r g a n i c )  ( 0 . 1 8  m) ( 1 . 4 7  g /cm3)  ( 1  E6 cm /m ) 
3 .  Wood 
T o t a l  forested area: 8 . 6 4  E l 0  m2 ( R o c z n i k  S t a t y s t y c z n y  1 9 7 8  
( 1 9 7 8 ) ,  p .  1 9 9 ) .  A b o v e - g r o u n d d r y b i o m a s s ,  a v e r a g i n g  b e t w e e n  
y o u n g  o a k - o i n e  fores t  a n d  m a t u r e  s p r u c e - f i r  f o r e s t :  
2 0 , 0 0 0  g/m2 ( L i e t h  a n d  W h i t t a k e r  1 9 7 5 ,  p .  8 0 )  . 
( F o r e s t e d  area )  ( B i o m a s s / a r e a )  ( A c t u a l  e n e r g y , L b i o m a s s )  
Flows shown i n  Tab le  16.1 a r e  a g g r e g a t e d  i n  Tab le  16.3 and 
F i g u r e  16 .3 .  I n  Tab le  16.4 v a r i o u s  i n d i c e s  of  ene rgy  and economic 
r e l a t i o n s h i p s  a r e  c a l c u l a t e d  t o  a l l o w  t h e  comparison and e v a l u a r  
t i o n  of  t h e  d i f f e r e n t  s t o r a g e s  and f l o w s .  
p o l a n d ' s  workforce  of o v e r  16 m i l l i o n  peop le  i s  d i v i d e d  
between a g r i c u l t u r e  (38%), i n d u s t r y  ( 2 6 % ) ,  and o t h e r ,  p r i m a r i l y  
s e r v i c e  ( 3 6 % ) .  The income p e r c a p i t a  was a b o u t  1587 US d o l l a r s  
p e r  p e r s o n  i n  1977. 
Tab le  16.3 Sumnary f l o w s  f o r  Poland i n  F i g u r e  16 .4 .  
L e t t e r  E21 SEJ/y 
N D i s p e r s e d  rural  0 
N1 C o n c e n t r a t e d  u s e  
N2 Expor ted  w i t h o u t  u s e  
I m p o r t  m i n e r a l s  and  f u e l s  (SEJ/y)  72.86 
I m p a r t  goods  (SEJ/y)  1 6 . 6 5  
Impor t  s e r v i c e s  (SEJ/y)  23.4 
$ p a i d  f o r  i m p o r t s  1 .46  E l 0  $ 
$ p a i d  f o r  e x p o r t s  1 . 2 3  E l 0  $ 
Expor ted  s e r v i c e s  39.0 
E x p o r t  p r o d u c t s  0.55 
Gross  N a t i o n a l  P r o d u c t  5 .49  E l 0  $ /y  
R a t i o  embodied e n e r g y  
$ r a t i o  ( U S )  ( T a b l e  A 4 b )  
R a t i o  embodied energy/$  and f o r  i ts  e x p o r t s  6 . 0  E l 2  SEJ/y 
(SEJ/$) 
F o o t n o t e s  t o  T a b l e  1 6 . 3  
R C h e m i c a l  p o t e n t i a l  e n e r g y  o f  r a i n  ( T a b l e  1 6 . 1 ,  F o o t n o t e  3 )  
No N e t  l o s s  of  t o p s o i l  ( T a b l e  1 6 . 1 ,  F o o t n o t e  6 )  
N1 C o a l  i n t e r n a l  u s e  
T o t a l  coal  p r o d u c t i o n  ( T a b l e  1 6 . 1 ,  253.1  E21 SEJ/y  
F o o t n o t e  1 1 . 1 )  
C o a l  e x p o r t  ( T a b l e  1 6 . 1 ,  F o o t n o t e  5 2 . 5  E21 SEJ/y 
1 1 . 1 )  
( T o t a l  coal  p r o d u c t i o n - c o a l  e x p o r t )  200 .6  E21 SEJ/y  
N2 C o a l  e x p o r t  ( T a b l e  1 6 . 1 ,  F o o t n o t e  11 . l )  
F  I m p o r t e d  m i n e r a l s  a n d  f u e l s  ( T a b l e  1 6 . 1 ,  F o o t n o t e s  11 a n d  
1 3 )  
C r u d e  o i l  
G a s  
F e - o r e  
B a u x i t e  
G I m p o r t e d  g o o d s  ( T a b l e  1 6 . 1 ,  F o o t n o t e  1 3 )  
Raw F e  a n d  s t ee l  
R e f i n e d  Fe a n d  s t e e l  
Fe  a n d  s tee l  p r o d u c t s  
Rubber 
F e r t i l i z e r  
'2*3 '3 = money p a i d  f o r  s e r v i c e s  
I1 = money p a i d  f o r  m i n e r a l s  a n d  f u e l s  ( U N  1981b)  
p e t r o l e u m  
n a t u r a l  g a s  
F e  a n d  n o n f e r .  ore 
I2 = money p a i d  f o r  g o o d s  a n d  f o o d  
g r a i n  
f e r t i l i z e r  
i r o n  a n d  s t ee l  
m a c h i n e s  
( 1 )  o n l y  i n c l u d e s  ca.  10% o f  t h e  t o t a l  m a c h i n e s  e x p o r t  
b e c a u s e  o f  i n c o m p l e t e  d a t a  i n  G 
Footnotes t o  Table 16.3 cont inued.  
I $ pa id  f o r  imports  ( U N  1981) 
E $ pa id  f o r  expor t s  ( U N  1981 ) 
P I E 3  E 3  = $ pa id  f o r  s e r v i c e s  









Petroleum products  
Pig i r o n  
Refined i r o n  and s t e e l  
Copper 
Machines ( incomplete)  
Cement 
Footno tes  t o  Table  16.3  con t inued .  
PI : embodied energy t o  $ of  c oun t ry  f o r  i t s  e x p o r t s  
B ' Embodied energy  which goes o u t  i n  e xpo r t e d  machines,  
s t e e l ,  e t c .  o v e r e s t im a t e d  a s  c o a l  used minus t h a t  used i n  
power p l a n t s  and home h e a t i n g . ( R o c z n i k  S t a t y s t y c z n y  1978 
(1978) 
s t o n e  c o a l  
( s t o n e  c o a l )  (30.65 E9 J / T )  = 2.37 El8 J / y  
( l i g n i t e )  (16.26 E9 J / T )  - 
e l e c t r i c i t y  use  (Table  16.1)  62 SEJ/y 
( c o a l  used f o r  e l e c t r i c i t y - p r o d u c t i c n  and home h e a t i n g )  
- ( c o a l  used f o r  e l e c t r i c i t y )  
T o t a l  c o a l  consumption (Table  16.3) 200.6 E21 SEJ/y 
- c o a l  used f o r  e l e c t r i c i t y  p roduc t i on  118.0 E21 S E J / ~  
and home h e a t i n s  
c o a l  used i n  t h e  i n d u s t r y  82.6 E21 SEJ/y 
minerals 0 I, 
sources Expons 
R. No, N, NI N,. 0. P, E, 
0' ? 
F i g u r e  1 6 . 3  Summary diagram: (a)  embodied energy  f low,  
(b) i n t e r n a t i o n a l  t r a d e .  
Table 16.4 Indices using embodied energy for overview of 
Poland. 
Item Name of index and expression, see Figure 6.6 
Renewable embodied energy flow 
Flow from indigenous nonrenewable 
reserves 
Flow of imported embodied energy 
Tota l  embodied energy inflows 
Total  embodied energy used, U 
.Tota l  exported e d o d i e d  energy 
Fract ion of emSodied energy used 
derived from home sonrces 
Exports minus imports 
Ratio of exports  t o  imports 
Fract ion used, l o c a l l y  renewzblc 
Fract ion of use purchased 
Fract ion used t h a t  i s  inported 
se rv ice  
Fract ion of use t h a t  i s  . f ree 
Ratio of concentrated t o  r u r a l  
Use per  u n i t  a rea  
(3.12 E l l  n2) 
Use pe r  cap i t a  
(34,5 EG) 
Renewable carrying capaci ty a t  
p resen t  l i v i n g  standard 
Developed carrying capaci ty a t  
same l i v i n g  s tandard 
Ratio of use t o  GYP 
(energy-dollar r a t i o )  
e l e c t r i c i t y  
cap i t a  
(R+NO)  /U  0.05 
(F+G+P21+N ) /(:Xi lu' ) 1 '  0 18.5 
U/ (area)  SET 1.06 El2 
n 
2 
U/ (population) SEJ 9.58 El5 --- 
cap1 ta 
8 (R/U)  (populzt j  on) 1.33 E7 people 
SEJ 
P1 = U/ (GNP) 6.0 El2 -- $ 
62 E21 SEJ/y 
- 
SEJ l . G  El5 - 
34.5 E6 capi ta  
- 
DISCUSSION 
I n  1977 P o l a n d ' s  economy was g r e a t l y  s u p p o r t e d  by energy  
f lows from i n d i g e n o u s  s o u r c e s  such a s  r a i n  and c o a l .  T h i s  i s  
r e f l e c t e d  i n  t h e  r a t i o  o f  l o c a l l y  d e r i v e d  embodied e n e r g i e s  used  
compared t o  t o t a l  ene rgy  u s e  ( i t e m  7 ,  Tab le  16.4)  which was 66%. 
Other  n a t i o n a l  economies,  such a s  t h e  Uni ted  S t a t e s  and t h e  
F e d e r a l  Republ ic  of  Germany, seem t o  have  depended more on o u t -  
s i d e  energy  s o u r c e s .  T h e i r  r a t i o s  a r e  17% and 30X, r e s p e c t i v e l y .  
Energy E v a l u a t i o n  o f  Trade  Balance  
P o l a n d ' s  1977 e n e r g y - d o l l a r  r a t i o ,  c a l c u l a t e d  by c o n v e r t i n g  
z l o t y s  t o  d o l l a r s  a t  t h e  o f f i c i a l  exchange r a t i o ,  Tab le  16.4 
i t e m  19,  i s  more t h a n  two and one h a l f  t i m e s  t h a t  of  t h e  F e d e r a l  
Republ ic  o f  Germany. T h i s  s u g g e s t s  t h a t  w e s t e r n  d o l l a r s  f lowing 
i n t o  Poland t o  p u r c h a s e  goods o r  s e r v i c e s  would draw a b o u t  250% 
more embodied energy  t h a n  t h e y  would i n  West Germany. The b a l a n c e  
o f  t r a d e  wi th  t h e  S o v i e t  Union s i m i l a r l y  depends on t h e  r e l a t i v e  
c u r r e n c y  exchange r a t e  se t  and t h e  r e l a t i v e  embodied energy  p e r  
u n i t  exchange. 
The embodied energy  i n  i n t e r n a t i o n a l  t r a d e  i s  g i v e n  i n  
F i g u r e  16.3b. I f  t h e  h i g h  embodied energy  of  c o a l  go ing  i n t o  
s tee l ,  s h i p s ,  e t c .  i s  e s t i m a t e d ,  a  l a r g e r  e x p o r t  t h a n  impor t  i s  
found . 
Energy Dens i ty  
P o l a n d ' s  ene rgy  d e n s i t y ,  1.06 El 2  S E J / ~ ~  ( i t e m  15 ,  Table  
16.4)  i s  one-seventh  t h a t  o f  t h e  F e d e r a l  Republ ic  o f  Germany 
and a l m o s t  t h r e e  t i m e s  t h a t  o f  t h e  Uni ted  S t a t e s .  Although 
Poland has  a  l a r g e  r u r a l  popula t ion ,  it has  a  moderately high 
energy d e n s i t y  when t h e  heavy i n d u s t r y  i s  inc luded .  
Energy Per Person 
Poland ' s  energy/person,  9.6 El5 SEJ /cap i ta ,  i s  one- th i rd  
of  t h a t  of  W e s t  Germany (FRG) and 60% of t h a t  of t h e  USSR.  
I n  energy terms t h e  s t anda rd  of l i v i n g  may be h ighe r  i n  t h e  
USSR because of l a r g e r  r e l a t i v e  flows of n a t u r a l  energy and 
indigenous f o s s i l  f u e l s ,  and h ighe r  i n  W e s t  Germany because of 
l a r g e r  r e l a t i v e  f lows of imported e n e r g i e s .  
Carrying Capaci ty  
The count ry ,  wi th  a  popula t ion  of 35 m i l l i o n  people ,  was 
95% dependent on indigenous and imported f u e l s .  The c a r r y i n g  
c a p a c i t y  on on ly  renewable e n e r g i e s  would be on ly  1 . 7  m i l l i o n  
people a t  t h e  1977 s t anda rd  of  l i v i n g ,  o r  t h e  1977 popula t ion  a t  
5 %  of t h e  energy pe r  person.  
Po land ' s  r a t i o  of concent ra ted  f u e l  energy t o  renewable 
r u r a l  ene rg i e s  was 18.5/1. This  i n d i c a t e d  a  h igh ly  i n d u s t r i a l i z e d  
country:  it compared t o  Spain  of 7 . 2 / 1 ,  t h e  USA of 7 / 1 ,  and 
W e s t  Germany of  68/1. However, a  l a r g e  f r a c t i o n  of  t h e  people 
a r e  i n  r u r a l  lower energy a g r i c u l t u r e  no t  a  p a r t  of t h e  indus- 
t r i a l i z a t i o n .  
A s  f u e l s  and me ta l s  y i e l d  l e s s  n e t  energy and t h e  wor ld ' s  
consumption of  p roduc ts  of heavy i n d u s t r y  d e c l i n e s ,  c o u n t r i e s  
l i k e  Poland, based on o i l  and s t e e l ,  may have t o  f i n d  o t h e r  
bases  f o r  t h e i r  popu la t ions .  
E l i s a b e t h  C.  Odum 
Santa  Fe C ~ m m u n i t y  C o l l e g e ,  
G a i n e s v i  Z l e ,  F l o r i d a  
Howard T .  Odum 
Environmenta l  Eng ineer ing  S c i e n c e s  and 
Cen ter  f o r  We t lands ,  U n i v e r s i t y  o f  
F l o r i d a ,  G a i n e s v i l l e ,  F l o r i d a  
17. OVERVIEW ENERGY A N A L Y S I S  O F  THE U N I T E D  STATES O F  AMERICA 
This i s  an overview energy a n a l y s i s  of t h e  United S t a t e s  
of America. I t  i s  a l a r g e  country  i nc lud ing  a r t i c  env i rons  of 
Alaska,  temperate  r eg ions  i nc lud ing  mountains, d e s e r t s  and some 
t r o p i c a l  a r e a s  i n  Hawaii and Puer to  Rico. Most of i t s  230 m i l -  
l i o n  people  l i v e  i n  c i t i e s  wi th  a h igh  l e v e l  of f u e l  and e l e c t r i c  
consumption. 
The methods given i n  c h a p t e r s  1-5 were used he re  t o  c a l -  
c u l a t e  t h e  s o l a r  embodied energy of main energy flows suppor t ing  
t h e  economy i n  1980 (Table 17.1) and of main r e sou rce  s t o r a g e s  
(Table 1 7 . 2 ) .  Energy diagrams were given p rev ious ly  (Odum 1983, 
chap te r  2 3 ) ,  and maps of energy and r e sou rce  d i s t r i b u t i o n  i n  
t h e  USA f o r  c a l c u l a t i n g  embodied energy (Odum e t  a l .  1983) .  
A s  i n  c h a p t e r s  on o t h e r  n a t i o n s ,  main c a t e g o r i e s  of ind ige-  
nous energy use ,  impor t s ,  and expor t s  were summarized (Table 
17.3 and 17.4) and po r t r ayed  i n  a diagram (F igure  1 7 . 1 ) .  
Q minerals 0 
lndigenok > 
522 1 sources Narion Exports R.N,.N,N, N,, B, P I  E, 
Figure 17.1. Summary embodied energy flows for the United 
States of America. See Tables 17.3 and 17.4. 
Table 1 7 . 1  Energy flows i n  t h e  United S t a t e s  of America. 
ETR 
Actual  SEJ/J 
Energy o r  
J SEJ/T 
So la r  ' 
Embodied 
Energy 
E22 SEJ Footnote Type o f  energy 
D i r e c t  sun 
Wind k i n e t i c  energy 
Rain, chemical p o t e n t i a l  
Rain,  geopo ten t i a l  
Tide 
Waves 
Ea r th  c y c l e  
Ea r th  l o s s ,  5.87 El4 g/y 
Topsoi l  formation ( n e t )  
Wood consumption 
Coal p roduct ion  
consumption 
Crude o i l  p roduct ion  
consumption 
Natura l  gas  consumption 
E l e c t r i c i t y ,  t o t a l  
Nuclear 
Hydro 
Phosphate product ion ,  
rock,  5.0 E6 T 
f e r t i l i z e r ,  2.97 E6 T 
I r o n  o r e  product ion ,  
69.6 El2 g 
Bauxi te  product ion ,  
1 .5  El2 g 
Table 17.1 continued. 
ETR 
Actual SEJ/J 
Energy o r  
J SE J/T 
Sola r  
Embodied 
Energy 




O i l  import and use  
Natura l  gas import and 
use 
Goods and s e r v i c e s  
I r o n  and s t e e l  p roducts ,  
16.26 E6 T 
I ron  o r e  import and use ,  
28.3 El2 g 










Phosphate, n a t u r a l ,  
14.3 E6 T 
Phosphate, f e r t i l i z e r s ,  
9.9 E 5  T 
Petroleum and products  
I r o n  and s t e e l  p roducts ,  
4 . 5  E6 T 
Goods and s e r v i c e s  
C wcn 
a, a, 
JJ Q J J  
ii m a ,  
a, m_r: 
Footnotes for Table 17.1 continued. 
2 (9.4 El2 m ) (35.4 in) (2.54 cm/in) (1 E-2 m/cm) (1 E6 g/m3) 
(4.94 J/g) = 4.17 El9 J/y 
4. Rain geopotential 
Mean elevation, 763 m; mean rainfall, 0.9 m 
(volume) (density) (gravity) (elevation) 
(9.4 El2 m2) (0.9 m/y) (1 E3 kg/m3) (9.8 m/s2) (763 m) 
5. Tide 
2 Continental USA cont. shelf: 6.38 Ell m , Alas a cont. 5 
shelf: N + W, 9.3 El7 m2; S shelf: 1.29 El7 m (estimated 
from Nat. Geog. 1981) 
Tide height,continental USA: 1.2 m (av. from US Coastal 
and Geodetic Survey 1956) 
2 2 (area elevated) (0.5) (tides/y) (ht) (9.8 m/s ) (density) ( %  abs. ) 
Continental: (6.38 Ell m2) (0.5) (706/y) (1.2 m12(9.8 m/s2) 
S Alaska: (1.29 El 1 m2) (0.5) (706/y) (4m)2(9.8 m/s2) 
6. Waves 
Continental straight coastline: 6.2 E6 m (est. Nat Geog. 
1981); Alaska N + W: 1.97 E6 m; Alaska S + Aleutians: 
1.07 E6 m 
Wave power: av USA: 40.5 kw/m; N. Pacific for S Alaska: 
8 1 kw/m 
Cont. USA: (40.5 kw/m) (1 E2 w/kw) (1 J/S/W) (3.15 E7 s/y) 
(6.46 E6 m facing shore) = 8.18 ~ 1 8  ~ / y  
South Alaska: (81 kw/m) (1 E3 w/kw) (1 J/s/w) (3.154 E7 s/y) 
Total waves: (8.18 El8 J/y) + (2.7 El8 J/y) = 1.09 El9 J/Y 
F o o t n o t e s  f o r  T a b l e  1 7 . 1  c o n t i n u e d .  
7 .  E a r t h  c y c l e  
US s u r f a c e  area a s s i g n e d  h e a t  f l o w s  b a s e d  o n  a g e s ,  f o l l o w i n g  
m e t h o d  a n d  d a t a  o f  S c l a t e r  e t  a l .  ( 1 9 8 0 )  
8 .  E a r t h  l o s s  
S u s p e n d e d  l o a d ,  y e a n  of 12 r i v e r s  of US ( L e o p o l d  e t  a l .  
1 9 6 4 ) :  9 3 . 6  g/m / y ;  2 a r t h  f o r m a t i o n  a s s u m e d  e q u a l  t o  mean 
e a r t h  c y c l e ,  3 1 . 2  g/m / y  
( e r o s i o n )  m i n u s  ( f o r m a t i o n )  
2  2  
L(93 .6  g/m2/y) - ( 3 1 . 2  g/m / y ) 1  ( 9 . 4  E l 2  m ) = 5 . 8 7  ~ 1 4  g / y
9 .  T o p s o i l  f o r m a t i o n  
Mean f o r m  e r o s i o n  f r o m  L a r s o n  e t  a l .  ( 1  9 8 3 ) ,  6 8 7  g /m2/y ;  
US f a r m  area,  1 . 0 4 2  E9 acres (US 1 9 8 3 )  ; s o i l  f o r m a t i o n  i n  
f o r e s t  area ,  1 2 6 0  g/m2by ( A p p e n d i x  A1 8 )  ; US f o r e s t ,  w i l d -  
l i f e  a n d  m i s c .  area, 5 1 %  (US 1 9 8 3 )  
( f o r m a t i o n )  - ( e r o s i o n )  
( 6 8 7  g /m2/y )  ( 4 . 2 2  E l 2  m2 f a r m s )  = 3 . 1  E l 5  g / y  
1 0 .  Wood c o n s u m p t i o n  
1 5 6 9 5  E6 c u . f t . / y  roundwood  e q u i v a l e n t s  (US 1 9 8 3 )  
3  3  ( 1 . 5 6 9  ~ 1 0  c u . f t . )  ( 2 . 7  E-2 m ) ( 0 . 7  E6 g/m l ( 3 . 8  k c a l / g )  
F o o t n o t e s  f o r  T a b l e  1 7 . 1  c o n t i n u e d .  
1 1 .  C o a l  p r o d u c t i o n  
1980:  1 9 . 2  E l 5  BTU (US 1983)  1054 J/BTU 
( 1 9 . 2  E l 5  BTU) (1054  J/BTU) = 2 . 0 2  E l 9  J / y  
12 .  C r u d e  o i l  p r o d u c t i o n  
1980:  1 8 . 3  E l 5  BTU (US 1 9 8 3 )  
( 1 8 . 3  E l 5  BTU) (1054  J / B T u )  = 1 . 9 3  E l 9  ~ / y  
1 3 .  N a t u r a l  g a s  p r o d u c t i o n  
1980:  22 .4  E l 5  BTU (US 1 9 8 3 )  
(22 .4  E l 5  BTU) ( 1 0 5 4  J /BTU) = 2 . 3 6  E l 9  ~ / y  
14 .  E l e c t r i c i t y ,  t o t a l  
1980:  8 . 2 7  E l 8  J / y  (US 1 9 8 3 )  
N u c l e a r  e l e c t r i c i t y  
1980 :  9 .1  E l 7  J / y  (US 1 9 8 3 )  
H y d r o e l e c t r i c i t y  
1980 :  9 . 8  E l 7  J / y  (US 1 9 8 3 )  
1 5 .  P h o s p h a t e  p r o d u c t i o n  
1978  p h o s p h a t e  r o c k :  5 . 0  E7 T; 7989 p h o s p h a t e  f e r t i l i z e r :  
9 . 0  E6 T  ( U N  1 9 8 1 ) ;  1 0 %  o f  r o c k  i s  P I  33% o f  f e r t i l i z e r  i s  P.  
Rock: ( 5 . 0  E7 T) ( 0 . 1 )  = 5 . 0  E6 T/Y 
F e r t i l i z e r :  ( 9 . 0  E6 T) ( 0 . 3 3 )  = 2 . 9 7  E6 ~ / y  
1 6 .  I r o n  o r e  p r o d u c t i o n  
6 9 . 6  E6 T I  0 . 7 7  E9 $ (US 1 9 8 3 )  
1 7 .  B a u x i t e  p r o d u c t i o n  
1980:  1 . 5  E6 T I  0 . 3 9  E9 $ (US 1 9 8 3 )  
F o o t n o t e s  f o r  T a b l e  1 7 . 1  c o n t i n u e d .  
I m p o r t s  
1 8 .  C r u d e  and r e f i n e d  o i l  
1 9 8 0 :  1 1 . 2  E l 5  BTU + 3 . 5  E l 5  BTU (US 1 9 8 3 ) ,  7 7 . 6  E9 $ 
( 1 4 . 7  E l 5  BTU) ( 1 0 5 4  J/BTU) = 1 . 5 5  E l 9  J / y  
1 9 .  N a t u r a l  gas 
1 9 8 0 :  1 . 0  E l 5  BTU (US 1 9 8 3 ) ,  5 . 2  E9 $ 
( 1 . 0  E l 5  BTU) ( 1 0 5 4  J/BTU) = 1 . 0 5  E l 8  J / y  
2 0 .  G o o d s  a n d  services i m p o r t e d  
( G o o d s  n o t  c a l c u l a t e d  s e p a r a t e l y  p l u s  services n o t  a l r e a d y  
i n c l u d e d  i n  o t h e r  i m p o r t s .  S e e  s e c t i o n  4 . )  
1 9 8 0 :  2 4 4 . 9  E9 $ (US 1 9 8 3 ) ;  w o r l d  e n e r g y / $  r a t i o :  
3 . 8  E l 2  S E J / $  ( A p p e n d i x  A 4 )  
( 2 4 4 . 9  E 9  $ t o t a l  i m p )  - ( 7 7 . 6  E9 $ o i l )  - ( 5 . 2  E9 $ n a t .  gas)  
- ( 7 . 7  E 9  $ i r o n  a n d  s tee l )  - ( 0 . 7 7  E9 $ i r o n  ore)  
- ( 0 . 3 9  E9 $ b a u x i t e )  = 1 . 5 3  E l l  $ 
( 1 . 5 3  E l l  $ )  ( 3 . 8  E l 2  S E J / $ )  = 5 . 8 1  E 2 3  SEJ/Y 
2 1 .  I r o n  a n d  s tee l  p r o d u c t s  
1 6 . 2  E6 T ,  7 . 7  E 9  $ (Un T r a d e  1 9 8 1 )  
2 2 .  I r o n  ore  i m p o r t  a n d  u s e  
2 5 . 1  E6  T ,  7 7 3  E6 $ ,  1 9 8 0  (US 1 9 8 3 )  
2 3 .  B a u x i t e  i m p o r t - a n d  u s e  
( 1 3 . 9  E6 T ,  3 8 9  E6  $, 1 9 8 0  (US 1 9 8 3 )  
E x p o r t s  
2 4 .  C o a l  
1 9 8 0 :  2 . 4  E l 5  BTU (US 1 9 8 3 ) ,  4 . 5  E 9  $ 
F o o t n o t e s  f o r  T a b l e  1 7 . 1  c o n t i n u e d .  
2 5 .  G r a i n  
1 9 8 0 :  1 2 2 . 7  E6 T  w h e a t ,  c o r n ,  r i c e ,  s o y b e a n s ;  2 2 . 3  E9 $ 
(US 1 9 8 3 )  
( 1 2 2 . 7  E6 T )  ( 4  k c a l / g )  ( 1  E6 g / T )  ( 4 1 8 6  J / k c a l )  = 2 . 0 5  E l 8  J / y  
2 6 .  Wood 
R ough :  1 0 . 2  E6 T I  $ 1 . 4 5  E9 ;  s h a p e d  3 . 6  E6 T ,  1 . 0 6  E9 $ 
( 1  3 . 8  E6 T )  ( 3 . 8  k c a l / g )  ( 1  E6 g / ~ )  ( 4 1  8 6  J / k c a l )  = 2 . 2  E l  7  J / y  
2 7 .  P h o s p h a t e  
N a t u r a l  p h o s p h a t e s :  1 4 . 3  E6 T I  5 . 1  E8  $ ;  f e r t i l i z e r s :  
3 . 0  E6 T  (FA0 1 9 7 8 )  , 5 . 7  E8 $ (World Bank  1 9 8 2 )  ; 1  O X  o f  
p h o s p h a t e  i s  p h o s p h o r o u s ;  3 3 %  of s u p e r p h o s p h a t e  i s  p h o s -  
p h o r o u s  ( A p p e n d i x  6  ) 
2 8 .  P e t r o l e u m  a n d  p r o d u c t s  
1 9 8 0 :  p e t r o l e u m  0 . 9  E9 $, 5 . 1  E6 T ;  pe t ro  p r o d u c t s :  
2 . 1  E9  $ ,  9 . 2  E6 T  ( U N  T r a d e  1 9 8  1  ) ; 4 5  E9  J / T  ( S l e s s e r  
1 9 7 8 ) ,  1 - 4 3  E7  T I  3 . 0  E9  $ 
2 9 .  I r o n  a n d  s tee l  p r o d u c t s  
3 . 5  E9 $ ,  4 . 5  E6 T  ( U N  T r a d e  1 9 8 1 )  
3 0 .  G o o d s  a n d  services i n  exports  
1 9 8 0 :  2 2 0 . 8  E9  $ (US 1 9 8 3 )  
( 2 2 0 . 8  E9  $ t o t a l  exp) - ( 4 . 5  E9 $ coal )  - ( 2 2 . 3  E9  $ g r a i n )  
- ( 2 . 5  E9  $ wood)  - ( 1 . 9  E9 $ p h o s p h a t e )  - ( 3 . 0  E9 $ o i l )  I 
- ( 3 . 5  E9 $ i r o n  a n d  s tee l )  = 1 8 3 . 1  E9 $ I 
T a b l e  1 7 . 2  E n e r g y  s torages  i n  t h e  U n i t e d  S t a t e s  of A m e r i c a .  
F o o t n o t e  T y p e  o f  E n e r g y  
ETR 
A c t u a l  SEJ/J 
E n e r g y  o r  
J SEJ/T 
Embodied 
S o l a r  
E n e r g y  
E24 S E J  
I P h o s p h a t e  r o c k ,  1.8 E8 T -- 1 . 4 1  E l 0  SEJ/gP 2.5  
2 C o a l  1 - 1 7  E22 3.98 E4 466  .O 
3 N a t u r a l  g a s  2 .95  E20 4 . 8  E4 1 4 . 1  
4 Uran ium 2 . 9 5 E 2 0  1 . 7 9  E3 0 - 5 3  
5 C r u d e  p e t r o l e u m  1 . 7 1 E 2 0  5 . 3  E4 9 . 1  
6 T o p s o i l  7 . 3 5  E20 6 . 3  E4 4 6 . 3  
7 Wood b i o m a s s  4 . 7 2 E 1 9  3 . 4 9 E 4  1 . 6 5  
8 Ground  w a t e r  1.88 E20 4 . 1 E 4  7.7  
F o o t n o t e s  f o r  T a b l e  1 7 . 2  
1 .  P h o s p h a t e  r o c k :  1 . 8  E9  T  (US 1 9 8 3 ) ;  1 0 %  P .  
( 1 . 8  E9  T )  ( 0 . 1 )  = 0 . 1 8  E9 T  
2 .  C o a l :  3 . 7  E l l  T I B r o w n  coal a n d  l i g n i t e :  0 . 3  E l l  T  (UN 1 9 8 1 )  
( 7  E6 k c a l / T )  ( 4 1 8 6  J / k c a l )  ( 4 . 0  E l l  T )  = 1 . 1 8  E22  J 
3  3 .  N a t u r a l  gas: 5 . 7  E l 2  m  a t  9 0 7 7  k c a l / m 3  ( U N  1 9 8 1 )  
( 5 . 7  E l 2  m3) ( 9 0 7 7  k c a l / m 3 )  ( 4 1 8 6  J / k c a l )  = 2 . 1 7  E20  J 
4. U r a n i u m :  5 . 3  E5  T  ( U N  1 9 8 1 )  
( W t  of u r a n i u m  ore ,  T )  ( 0 . 0 0 7 )  ( 1  E6 g / T )  ( 7 . 9 5  E l 0  J /g  U 2 3 5 )  
( 5 . 3  E5  T )  ( 0 . 0 0 7 )  ( 1  E6 g / T )  ( 7 . 9 5  E l 0  J / g )  = 2 . 9 5  E20  J 
5 .  C r u d e  p e t r o l e u m :  3 . 8  E9 T  ( U N  1 9 8 1 )  ; 45  E9  J / T  ( S l e s s e r  1 9 7 8 )  
( 3 . 8  E9 T )  ( 4 5  E9  J / T )  = 1 . 7 1  E20  J 
F o o t n o t e s  f o r  T a b l e  1 7 . 2  c o n t i n u e d .  
6 .  T o p s o i l  
2 f a r m  area ,  4 . 2 2  E l 2  m  , 1 1 . 4  T  o r g . / A  ( B r a d y  1 9 7 4 )  
2  f o r e s t  a n d  m i s c e l l a n e o u s  area,  4 . 7 9  E l 2  m  , 1 7 . 5  T/A 
o r g a n i c  m a t t e r :  
( 4 . 2 2  E l 2  m2) ( 1 1 . 4  T/A) ( 1  E6 g / ~ )  + ( 4 . 7 9  E l 2  m 2 )  
2  ( 4 . 7 9  E l 2  m  ) ( 1 7 . 5  T/A) ( 1  E6 g / T )  = 3 . 2 5  E l 6  g 
( 3 . 2 5  E l 6  g)  ( 5 . 4  k c a l / g )  ( 4 1 8 6  J / k c a l )  = 7 . 3 5  E20  J 
7 .  Wood b i o m a s s  (US 1 9 8 3 )  
8 .  G r o u n d w a t e r  
( 9 . 4  E l 2  m2) ( 0 . 0 5  p o r o s i t y )  ( 1 0 0  m) ( 1  E6 g/m3) ( 4  J /g )  
= 1 . 8 8  E20  J (US 1 9 8 3 )  
Table 17.3 Summary flows for USA in Figure 17.1. 
Embodied 
Solar  
Energy Dollars  
E22 SEJ/y El2 $/y 
L e t t e r  i n  
Figure Item 
Renewable sources used, SEJ/yr 
( r a i n ,  t i d e )  
 onr renewable sources flow within 
the  country ( S E J / ~ ~ )  : 
N Dispersed r u r a l  source (SEJ/yr) 
0 
N Concentrated use (SEJ/yr) 1 
N Exported without use 2 
Imported minerals and f u e l s  (SEJ/yr) 
Imported goods (SEJ/yr) 
Imported se rv ice  (SEJ/yr) 
Dollars  paid f o r  imports ($ /yr)  
Dollars  pa id  f o r  imports minus 
goods 
Dollars  pa id  f o r  exports  ($ /yr)  
Do,llars paid f o r  exports  minus 
goods 
Exported se rv ices  (SEJ/yr) 
Exported products ,  transformed 
within t h e  country (SEJ/yr) 
Gross National Product ($ /yr)  
Ratio embodied energy t o  d o l l a r  
of imports (SEJ/$) (world) 
Ratio embodied energy t o  d o l l a r  
of country and f o r  i ts  exports  
(SEJ/$) 
F o o t n o t e s  f o r  T a b l e  17.3 
R Renewables:  r a i n ,  t i d e  = 82.4 E22 SEJ/y 
N Nonrenewable s o u r c e s :  
No D i s p e r s e d  r u r a l :  s o i l  = 100 E22 SEJ/y 
N 1  C o n c e n t r a t e d :  o i l ,  c o a l ,  g a s ,  nuc and  h y d r o  e l e c t r i c i t y ,  
p h o s p h a t e ,  i r o n  o r e ,  b a u x i t e  = 330.13 E22 SEJ/y 
N Expor t ed  w i t h o u t  u s e :  o i l ,  c o a l ,  p h o s p h a t e  = 
15.6 E22 SEJ/y 
F Impor t ed  m i n e r a l s  and  f u e l s :  o i l ,  g a s ,  i r o n  o r e ,  b a u x i t e  
= 90.6 E22 SEJ/y 
G Impor t ed  goods:  i r o n  and s tee l  = 2.9 E22 SEJ/y 
P213 Impor t ed  s e r v i c e s  minus t h o s e  i n  F and G: 58.1 E22 SEJ/y 
1Tab le  17 .1 ,  F o o t n o t e  20)  
I US S t a t i s t i c a l  A b s t r a c t  
I 3  US S t a t i s t i c a l  A b s t r a c t  
E US S t a t i s t i c a l  A b s t r a c t  
E3 US S t a t i s t i c a l  A b s t r a c t  
P E Expor t ed  s e r v i c e s  minus t h o s e  i n  B and N 2 :  c o a l ,  g r a i n ,  
wood, p h o s p h a t e ,  o i l ,  i r o n  and s tee l :  
(183.1 E9 $ )  (2 .6  E l2  SEJ/$,  US ene rgy /$  r a t i o )  = 
B Expor t ed  p r o d u c t s  t r a n s f o r m e d  w i t h i n  t h e  c o u n t r y :  
p h o s p h a t e ,  g r a i n ,  wood, i r o n  and  s tee l  = 17.57 E22 SEJ/y 
X Gross  N a t i c n a l  P r o d u c t  
1980: 2.6 E l 2  $ (US 1983)  
P2 See  Appendix A 4  
1 See  I t e m  19,  T a b l e  17.4 
Table  1 7 . 4  I n d i c e s  u s ing  embodied energy f o r  overview of USA. 
I t e m  Name o f  index and expression, ,  s e e  F i g u r e  17.1 
- - 
1 Renewable embodied energy flow R 
2 Flow from ind igenous  non- N 
renewable r e s e r v e s  
Flow o f  imported embodied 
energy 
T o t a l  embodied energy in f lows  
T o t a l  embodied energy used,  U 
T o t a l  expor ted  embodied energy 
F r a c t i o n  of  embodied energy 
used d e r i v e d  from home sources  
Impor ts  minus e x p o r t s  
R a t i o  o f  e x p o r t s  t o  impor ts  
F r a c t i o n  used,  l o c a l l y  
renewable 
F r a c t i o n  o f  u se  purchased 
F r a c t i o n  used- t h a t  i s  imported 
s e r v i c e  
E'raction o f  use  t h a t  i s  f r e e  
~ k t i o  pf concen t r a t ed  t o  r u r a l  
Use p e r  u n ' t  a r e a  t (9.4 El2  m ) 
16 Use p e r  c a p i t a  
- (2'27 E6 p o p u l a t i o n )  
(F+G+P213+N1) / (R+NO) 
U/ ( a r e a )  
0.27 
2.6 
7.0 E l l  SEJ/a 2 
U/ (popu la t ion )  2.9 E l6  SEJ/person 
17 Renewable c a r r y i n g  c a p a c i t y  (R/U) (popu la t ion )  27.0 El6  peop le  
a t  p r e s e n t  l i v i n g  s t anda rd  
18  Developed c a r r y i n g  c a p a c i t y  a t  8(R/U)(popula t ion)  216.0 E6 peop le  
same l i v i n g  s t a n d a r d  
1 9  R a t i o  of  u s e  t o  GNP 
(ene rgy-do l l a r  r a t i o )  
20 R a t i o  o f  e l e c t r i c i t y  t o  use  ( E l )  /U 0.20 
2 1  Fue l  use  p e r  pe r son  
( f u e l ,  3.865 E24 SEJ) 
( f u e l )  / ( p o p u l a t i o n )  1 .7  El6  SEJ/person 
Discuss ion  
Some i n d i c e s  of  t h e  US energy sys tem i n  1980 a r e  compared 
w i t h  t h o s e  of o t h e r  c o u n t r i e s  i n  T ab l e s  18.1-18.4. 
The US had a  r e l a t i v e l y  low energy/$  r a t i o ,  because  more 
of  i t s  r e s o u r c e s  were economical ly  developed.  Th i s  means t h a t  
t r a d i n g ,  based on d o l l a r  v a l u e s ,  w i th  most c o u n t r i e s  b rought  i n  
up t o  15 t i m e s  more embodied energy t h a n  was exchanged. 
Although t h e  US had a  n e g a t i v e  d o l l a r  t r a d e  b a l a n c e ,  it 
p r o f i t e d  from about  2 t i m e s  more i n p o r t s  t h a n  e x p o r t s  of embodied 
energy.  
The h i g h  e l e c t r i c a l  use  p e r  pe r son  and t h e  h igh  f r a c t i o n  
of e l e c t r i c a l  u se  i n  t h e  economy i n d i c a t e d  b o t h  t h e  c o u n t r y ' s  
advanced t e c h n o l o g i c a l  development and i t s  w a s t e f u l n e s s .  
The energy p e r  p e r so n  was among t h e  h i g h e s t ,  p a r t l y  based 
on f u e l s  and p a r t l y  on env i ronmenta l  s o u r c e s .  The l o s s  of e a r t h  
by e r o s i o n  was one of  t h e  l a r g e s t  non-renewable energy f lows .  
Although European c o u n t r i e s  l i k e  West Germany and t h e  
Ne ther lands  have a  lower f u e l  p e r  pe r son  t h a n  i n  t h e  US (Table  
1 8 . 4 ) ,  t h e i r  l a r g e  i m p o r t s  of pr imary p roduc t s  b r i n g  t h e i r  t o t a l  
energy p e r  pe r son  t o  a  f i g u r e  about  e q u a l  t o  t h a t  of t h e  US. 
The US economy was 7 7 %  s e l f - s u f f i c i e n t ,  dependent  on ind igenous  
s o u r c e s  l i k e  sun ,  r a i n ,  s o i l ,  and f o s s i l  f u e l s .  But ,  i t s  c a r r y i n g  
c a p a c i t y  on renewable s o u r c e s  a l o n e  would be on ly  12% of  t h e  1980 
p o p u l a t i o n ,  o r  t h a t  p o p u l a t i o n  a t  12% of i t s  energy  u se  p e r  pe r son .  
Howard T. Odum 
Environmental Engineering Sciences and 
Center for Wetlands 
University of Florida, Gainesville 
E l i s a b e t h  C. Odum 
Santa Fe Community College, 
Gainesville, Florida 
18. COMPARISONS 
The new d a t a  on n a t i o n a l  embodied energy g iven  i n  Chap te r s  
5 -  1 6  show l a r g e  d i f f e r e n c e s  among n a t i o n s .  Extremes and l i m i t s  
show up f o r  v a r i o u s  n a t i o n s  sugges t i ng  ways t h a t  p u b l i c  p o l i c i e s  
might  improve economies and deve lop  b e t t e r  ba l ances  o f  r e s o u r c e  
u s e ,  b e t t e r  i m p o r t - e x p o r t  b a l a n c e s ,  and b e t t e r  matching of  i n d i -  
genous r e s o u r c e s  w i t h  a t t r a c t e d  r e s o u r c e s  from o u t s i d e .  
To f a c i l i t a t e  compar isons ,  summary t a b l e s  a r e  g iven  (Tab les  
18.1 - 1 8 . 4 ) .  Not a l l  o f  t h e  s i m i l a r i t i e s  and d i f f e r e n c e s  a r e  
y e t  unders tood .  Perhaps ,  a  f u l l  d i s c u s s i o n  shou ld  w a i t  u n t i l  
a n a l y s e s  o f  more c o u n t r i e s  a r e  completed.  Q u i t e  a  d i f f e r e n t  
p i c t u r e  o f  s t r e n g t h  and o p p o r t u n i t y  emerges from use  o f  t o t a l  
embodied energy t h a n  when f u e l s  and d o l l a r s  a r e  used ,  a s  i n  t h e  
r e c e n t  d i s c u s s i o n  o f  underdeveloped c o u n t r i e s  and exergy by 
Dunkerley e t  a 1  . ( 1  982) . Recommendations abou t  e x p o r t  p o l i c y  
and d e v a l u a t i o n  may be t h e  r e v e r s e  from t h e  ones  p r a c t i c e d  by 
underdeveloped c o u n t r i e s  which s e l l  raw p r o d u c t s .  
-348- 
Indigenous Energy 
Table 18.1 compares t h e  f r a c t i o n  of t h e  t o t a l  annual  energy 
budget ( i n  embodied s o l a r  e q u i v a l e n t s )  t h a t  comes from wi th in  a  
count ry .  This  r a t i o  i s  a  measure of s e l f - s u f f i c i e n c y .  I t  i s  
a l s o  a  measure of r e sou rces  n o t  y e t  matched by investments  and 
economic development t h a t  b r ing  i n  a d d i t i o n a l  embodied energy 
from o u t s i d e .  The S o v i e t  Union i s  t h e  most s e l f - s u f f i c i e n t ,  wi th  
West Germany t h e  most dependent on imported e n e r g i e s .  When e a s i l y -  
t r a n s p o r t e d  e n e r g i e s  a r e  l e s s  a v a i l a b l e  i n  t h e  f u t u r e ,  t h e  s e l f -  
s u f f i c i e n t  n a t i o n s  may have l e s s  c u t t i n g  back t o  do. 
Table 1 8 . 1 .  F r a c t i o n  of n a t i o n a l  embodied energy t h a t  i s  
indigenous.  
Indigenous 
T o t a l  Use 
Spain  0 . 2 4  
L i b e r i a  
New Zealand 
Dominica 0.89 
Nether l ands  
West Germany 
S o v i e t  Union 
B r a z i l  
A u s t r a l i a  0.92 
I n d i a  
Poland 
U.S.A. 
R a t i o  of Impor t s  t o  Expor t s  
R a t i o  of  i m p o r t s  t o  e x p o r t s  are compared i n  Tab le  1 8 . 2 .  The 
c o u n t r i e s  w i t h  t h e  h i g h e s t  f i g u r e s  g r e a t e r  t h a n  one had t h e  g r e a t -  
es t  e x c e s s  of i m p o r t s .  T h e i r  economies g a i n e d  embodied energy  
from i n t e r n a t i o n a l  t r a d e .  I f  t h i s  was a  l a r g e  p a r t  o f  i t s  economy, 
such  a c o u n t r y  g o t  a  b o o s t  from t h i s  e x t r a  ene rgy .  
Tab le  18.2.  R a t i o  of i m p o r t s  t o  e x p o r t s  e x p r e s s e d  i n  
embodied energy .  
Spa in  
L i b e r i a  
New Zealand 
Dominica 
Ne the r lands  
West Germany 
S o v i e t  Union 
B r a z i l  
A u s t r a l i a  
I n d i a  
Poland 
U.S.A. 
The smaller t h e  r a t i o  number, t h e  more embodied energy  
was e x p o r t e d  from t h e  c o u n t r y  i n  r e l a t i o n  t o  t h a t  impor ted .  
Th i s  exchange would have a  d e p r e s s i n g  i n f l u e n c e  on t h e  economy, 
i n  p r o p o r t i o n  t o  t h e  impor tance  of t r a d e  t o  t h e  whole economy. 
The Ne the r lands ,  West Germany, and Spa in  have t h e  h i g h  v a l u e s .  
I n  c o n t r a s t , L i b e r i a  and A u s t r a l i a  w i t h  low v a l u e s  a r e  send ing  
o u t  much of  t h e i r  p o t e n t i a l .  
Rat io  of Embodied Energy Use t o  Dol la r  Flow 
The embodied energy t o  d o l l a r  r a t i o  i n  Table 1 8 . 3 .  i s  t h e  
r a t i o  of t o t a l  embodied energy t o  g r o s s  n a t i o n a l  p roduc t ,  t h e  
Table 18.3.  Ra t io  of embodied energy use of a  na t ion  t o  i t s  
d o l l a r  flow. 
Spain 





Sov ie t  Union 
B r a z i l  
A u s t r a l i a  
Ind ia  
Poland 
U.S.A.  
World ( s e e  Appendix A 4 )  
l a t t e r  expressed i n  c u r r e n t  U . S .  d o l l a r s .  Count r ies  wi th  l a r g e  
s u b s i s t e n c e  use ,  b a r t e r ,  and a r t i f i c i a l l y  devalued c u r r e n c i e s  
have a  l a r g e  embodied energy per  d o l l a r .  Such c o u n t r i e s  s e l l  
t h e i r  p roduc ts  a t  a  ba rga in .  I n  a  way t h i s  r a t i o  p r e d i c t s  t h e  
consumer p r i c e  index and should be compared wi th  it. The r a t i o  
i s  a l s o  u s e f u l  t o  show which of two t r a d i n g  c o u n t r i e s  p r o f i t s  when 
p r i c e s  a r e  s e t  on i n t e r n a t i o n a l  d o l l a r  exchange r a t e s .  The l a r g e r  
t h e  energy-dol la r  r a t i o ,  t h e  more t h e  economy i s  h u r t  by c u r r e n t  
t r a d e  p r a c t i c e s ,  and t h e  l e s s  t h e  money can be used a s  an appro- 
p r i a t e  measure of u l t i m a t e  economic va lue .  
Energy pe r  Person 
Table 18.4. has embodied energy sha re  p e r  person ob ta ined  by 
d iv id ing  t h e  n a t i o n a l  t o t a l  by popula t ion .  I n  t h e  f i r s t  column i s  
t h e  f u e l  use p e r  person ,  an index a l r eady  much used i n  t h e  l i t e r a -  
t u r e  t o  p r e s e n t  human demand on r e sou rces .  
Table 18.4 .  Embodied Energy p e r  person ,  El5  SEJ/person/year. 
Fue ls  E l e c t r i c i t y  A 1  1 Sources 
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S o v i e t  Union 
B r a z i l  
A u s t r a l i a  
I n d i a  
Poland 
U . S . A .  
However, when t o t a l  embodied energy i s  used ( l a s t  column) 
many of  t h e  c o u n t r i e s  change i n  t h e i r  r ank  of  p e r  c a p i t a  energy 
use .  Large environmenta l  r e s o u r c e s  o f  underdeveloped a r e a s  pro- 
v i d e  many f r e e  s e r v i c e s ,  l i f e  suppo r t ,  low t a x e s  and l a n d  c o s t s ,  
e t c .  t h a t  a r e  more p r o p e r l y  e s t i m a t e d  w i t h  t h e  embodied energy 
measure t han  w i th  d o l l a r s  o r  f u e l  e n e r g i e s .  Where popu la t i ons  
a r e  e x c e s s i v e  a s  i n  I n d i a ,  t h e  energy p e r  pe rson  i s  low. Some 
h i g h l y  developed c o u n t r i e s  a l s o  have lower t han  expec ted  energy 
pe r  person r a t i o s .  
E l e c t r i c i t y  U s e  
E l e c t r i c i t y  a s  a  moderate ly  h igh  q u a l i t y  form of energy 
may be used a s  an  index  of  t e c h n o l o g i c a l  development. See 
e l e c t r i c a l  energy p e r  pe rson  ( i n  embodied s o l a r  e q u i v a l e n t s )  
i n  Table  18.4.  L i b e r i a  and Dominica a r e  l e a s t  and N e w  Zealand,  
A u s t r a l i a ,  West Germany, and t h e  S o v i e t  Union a r e  h i g h e s t .  
Summary 
The comparat ive  energy a n a l y s i s  o f  c o u n t r i e s  p rov ides  per -  
s p e c t i v e s  on t h e  b a s i s  f o r  economic v i t a l i t y  and r e l a t i o n s h i p s  
between c o u n t r i e s  n o t  e a s i l y  i n d i c a t e d  w i th  t r a d i t i o n a l  i n d i c e s .  
I n  t h i s  s t udy ,  e a r l i e r  e f f o r t s  by Kemp, Boynton, and Limburg 
(1  981 ) and by Zuchet to  (1  98 1 ) t o  u se  embodied energy of  env i ron-  
menta l  r e s o u r c e s  t o  compare n a t i o n s  have been extended w i th  new 
energy t r ans fo rma t ion  r a t i o s  t o  i n c l u d e  more of  t h e  energy s igna-  
t u r e .  By t h e s e  means a  t o t a l  energy systems b a s i s  f o r  economics 
i s  used t o  a p p r a i s e  t h e  s t a t e  o f  n a t i o n s  and t h e i r  f u t u r e s .  
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APPENDIX: ENERGY ANALYSIS OF SUBSYSTEMS 
AND CALCULATIONS OF ENERGY 
TRANSFORMATION RATIOS 
Global Solar Energy Inflow 
Summary of Energy Operating the Biosphere 
Energy Sources to the Crustal System 
Energy-Dollar Ratio for Exports from Industrial Countries 
Solar ~quivalents of Industrial Fuel Heat Sources; Wood 
Power Plant at Jari, Brazil 
Phosphate Deposits of Florida 
Embodied Energy in Merals from Uplift Rate 
Earth Cycle and Uplift 
Low Energy Corn 
Industrial Corn 
New Zealand Plantation Wood 
Sheep Production in New Zealand 
Aluminum Manufacture 
Solar Equivalents of Raw and Refined Iron, Steel, and 
End Products 
Hurricane Winds 
A.15 Potassium-Chloride from the Dead Sea Works 
A.16 Ammonium-Nitrogen Fertilizer 
A.17 Sugar Cane 
A.18 Earth and Soil 
~ . 1 9  Cattle in India 
Included in this appendix are subsystem energy analyses 
used to estimate energy transformation ratios for many flows and 
commodities. The resulting ratios were assembled in Table 3.1 
(Section 3). In each of the following energy analyses in this 
appendix, an energy diagram is drawn of a process with the main 
inputs identified and evaluated in solar equivalent joules. This 
involved some of the previously determined energy transformation 
ratios (Table 3.1). Then the ratio of all the inputs to actual 
energy of the product under study was calculated. Care was used 
in evaluating the input energies to avoid counting the same energy 
twice. For example if wind and rain energy were an input to an 
agricultural process, only the largest of the two was counted 
since both by-products were from the same global process driven 
by sunlight. 
The format used in each of the appendices that follows 
is: 
-- Introductory paragraph; 
-- Subsystem diagram with embodied energy flows written; 
-- Energy evaluation table where embodied energy flows in 
the figure were evaluated; 
-- Footnotes to the evaluation table; 
-- References. 
A P P E N D I X  Al:  GLOBAL SOLAR ENERGY INFLOW 
The s o l a r  energy d r i v i n g  t h e  b io sphe re  and s e c o n d a r i l y  p a r t  
o f  t h e  c o n t i n e n t a l  g e o l o g i c a l  sys tem i s  absorbed  i n  p a r t  i n  t h e  
atmosphere,  p a r t  by t h e  l and  and p a r t  by t h e  ocean ,  t h e  rest re- 
f l e c t e d  and d i f f r a c t e d  o u t  a s  a lbedo .  These f lows and t h e i r  
c o u p l i n g  a r e  g iven  i n  F i g u re  Al.  
E24 J l y  
Actual energy 
F i g u r e  A l .  I n f l o w s  o f  g l o b a l  s o l a r  ene rgy .  See 
Tab le  A l .  
T a b l e  A l .  P a r t i t i o n  of g loba l  s o l a r  i n f l o w ,  see F i g u r e  A l .  
A c t u a l  e n e r g y  
F o o t n o t e  I t e m  f l o w  E 2 4 / J / y  
1  S o l a r  i n s o l a t i o n  5 . 6 2  
2  A l b e d o  1 . 6 9  
3  A b s o r b e d  b y  b i o s p h e r e  3 . 3 9  
4  Absorbed b y  a t m o s p h e r e  1 . 2 9  
5  A b s o r b e d  b y  o c e a n  1 . 6 2  
6  A b s o r b e d  b y  l a n d  1 . 0 2  
7  A b s o r b e d  b y  o c e a n  & a t m o s p h e r e  2 . 9 1  
F o o t n o t e s  t o  T a b l e  A1 
2  1 .  I n c i d e n t  e n e r g y ,  2 g c a l / c m  / m i n  = so l a r  c o n s t a n t .  
( so l a r  c o n s t a n t )  ( ea r th  cross s e c t i o n a l  area f a c i n g  s u n )  
2 .  A l b e d o  f r o m  Von der Haar a n d  S u o m i  ( 1  9 6 9 )  , 0 . 3 0 .  
E n e r g y  r e f l e c t e d :  ( . 3 0 )  ( 5 . 2 6 3  E 2 4 )  = 1 . 6 9  E24  ~ / y r  
3 .  E n e r g y  absorbed: ( . 7 0 )  ( 5 . 2 6 3  E 2 4 )  = 3 . 9 3  E24  J / y r .  
4 .  E n e r g y  absorbed b y  a t m o s p h e r e ,  2 3 %  ( H o u g h t o n  1 9  5 4 )  : 
( .  2 3 )  ( 5 . 6 2 3  E 2 4 )  = 1 . 2 9  E24 J / y r  
5 .  E n e r g y  absorbed b y  o c e a n  (Wey l  1 9 7 0 )  : 
( 3 2 9 0 - 3 5 0 )  k c a l / m 2 / d )  ( 0 . 7 1 )  ( 5 . 1  E l 4  m2) ( 3 6 5 d )  
Footno tes  t o  Tab le  A1 con t inued  
6 .  Energy absorbed  by l a n d :  
( 3 . 3 9  E24  - 1 . 2 9  E 2 4  - 1 . 6 2  E 1 8 )  = 1 . 0 2  E24  J / y r  
7 .  Energy absorbed  by ocean and a tmosphere  
1 . 2 9  E 2 4  + 1.6-2 E 2 4  = 2 . 9 1  E 2 4  J / y r  
APPENDIX A2: SUMMARY OF THE ENERGY OPERATING THE 
BIOSPHERE AND CRUST 
Deep in the crust, heat is generated that develops high 
temperatures, that operate geological convection and other geo- 
chemical work processes. The heat developed there has three 
main sources: (a) heat diffusing up from the deeper level of 
the mantle (radioactive heat generation and residual heat from 
solar system formation time); (b) radioactive decay within the 
crust especially of radioactive substances concentrated in 
sedimentary cycle; and (c) energy transmitted down from the 
solar driven biosphere as pressure-volume work of sediment 
transported by hydrologic cycle and in the mix of oxidized and 
reduced substances stored in the sediments (see Figure A2). 
Since solar equivalents can be identified for the fraction 
coming down from the biosphere, and since the heat at that depth 
is combined indistinguishably as a deep heat pool driving earth 
processes, all the heat there can be given the same energy trans- 
formation ratio from solar energy absorbed, 6 0 5 5  SEJ/crustal J 
(Table A2, Footnote 2). The total energy driving earth crustal 
processes in solar equivalents is 8.0  E24 SEJ/y (Table A2). 
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F i g u r e  A 2 .  Energy s o u r c e s  o f  t h e  combined b i o s p h e r e  
c r u s t a l  sys t em e x p r e s s e d  i n  s o l a r  e q u i v -  
a l e n t s  (see T a b l e  A 2 )  . 
Table A 2 .  Energy sources  f o r  system of b iosphere  and c r u s t .  
Foot- 
no te  Item 
Actual Energy Embodied 
Energy Transformation So la r  Energy 
J /yr  Ra t io  SEJ/J E24 SEJ/yr 
S o l a r  component t o  
c r u s t a l  h e a t  3.93 E24 
2  C r u s t a l  r a d i o a c t i v i t y  1.98 E20 6055 1.19 
3  Mantle upflow 4.74 E20 6055 2.87 
T o t a l  8  .OO 
Footnotes  t o  Table A2 
1 .  See Appendix 1 .  
2. Actual  energy from Appendix A3. 
3. Energy t r ans fo rma t ion  r a t i o ,  t h e  r a t i o  of s o l a r  energy used 
i n  b iosphere  t o  a c t u a l  h e a t  component i n  c r u s t  due t o  s o l a r  
i n p u t  (from Appendix A3) 
4 .  Actual  energy from Appendix A3; ETR from Footnote  2 .  
APPENDIX A3: ENERGY SOURCES TO THE CRUSTAL SYSTEM 
S c l a t e r  e t  a l .  (1980) review a v a i l a b l e  d a t a  and p rov ide  
e s t i m a t e s  o f  h e a t  f lows w i t h i n  t h e  c r u s t ,  from t h e  mant le ,  and 
from r a d i o a c t i v i t y  g e n e r a t i o n  w i t h i n  t h e  c r u s t .  The conlponent 
of  h e a t  from t h e  s o l a r  p r o c e s s e s  of  t h e  b i o s p h e r e  (hyd ro log i c  
c y c l e ,  sedimentary  t r a n s p o r t ,  and redox p o t e n t i a l s  i n  t h e s e  
sed iments )  may be  c a l c u l a t e d  by d i f f e r e n c e .  F igu re  A3 p rov ide s  
t h e  a c t u a l  energy f lows a p p l i e d  t o  a  sys tems diagram of  t h e  
c o u p l i n g  of  b i o s p h e r e  and c r u s t a l  system. 
These d a t a  were t h e  b a s i s  f o r  a s s i g n i n g  s o l a r  e q u i v a l e n t s  
i n  Appendix A2. Energy t r a n s f o r m a t i o n  r a t i o  between s o l a r  
energy ,  3.93 E24 J /y  and t h e  component o f  e a r t h  h e a t  from t h e  
s u n ,  6 . 4 9  E20 J / y  i s  6055 S E J / c r u s t a l  J. 
Mechanical Energy of  C r u s t a l  C i r c u l a t i o n  
Mechanical energy o f  t h e  e a r t h  movements may be  c a l c u l a t e d  
a s  h a l f  t h e  p roduc t  o f  t h e  t o t a l  h e a t  f l u x  and t h e  Carnot  r a t i o  
C Biosphere 
- 
E20 Jly  
F i g u r e  A3. A c t u a l  ene rgy  d r i v i n g  c r u s t a l  sys tem.  
(Temp. d i f  f  . /Temp. ) : 
(13.21 E20 J / y )  ( . 5 )  ( 1 0 0 0 ~ ~ / 1 3 0 0 ~ ~ )  = 5.08 E20 Mechanical  J / y  
Energy t r a n s f o r m a t i o n  r a t i o  f o r  t h i s  q u a l i t y  work i s  t h e  
r a t i o  o f  s o l a r  e q u i v a l e n t s  t o  mechanical  work d i s p e r s e d  o v e r  
c r u s t .  
Table  A3. Ac tua l  ene rgy  f lows d r i v i n g  c r u s t a l  sys tem,  s e e  
F i g u r e  A3. 
Foo tno te  I t e r n  
A c t u a l  Energy 
Flow E23 J / y  
From mant le  i n t o  c r u s t  
T o t a l  h e a t  th rough  c r u s t  
R a d i o a c t i v e  g e n e r a t i o n  
From s o l a r  b i o s p h e r e  
Foo tno tes  t o  Table  A3 
Data on e a r t h  h e a t  from S c l a t e r  e t  a l .  (19 80) 
1 .  From mant le  i n t o  c r u s t ,  h e a t  f low: 
2  2  (0 .6  E-6 gcal /cm s e c )  (3.154 E7 s e c / y r ) ( 5 . 1 4  El4 m / e a r t h )  
2  2  ( 1  E4 cm /m ) (4.186 J / g c a l )  = 4.744 E20 Z/yr 
2.  From c r u s t  i n c l u d i n g  72.5% from ocean c r u s t  and 27.5 from 
s h e l v e s  and c o n t i n e n t :  
3. R a d i o a c t i v e  c o n t r i b u t i o n  g i v e n  a s  15% ( w i t h i n  c r u s t )  : 
4 .  Remainder assumed a s  h e a t  e m i t t e d  a s  g e n e r a t e d  w i t h i n  t h e  
c r u s t  from v a r i o u s  i n p u t s  o f  s o l a r  o r i g i n  a f t e r  man t l e  
a l s o  s u b s t r a c t e d :  
APPENDIX A 4 :  ENERGY DOLLAR RATIO FOR SERVICE 
COMPONENT OF EXPORTS FROM 
INDUSTRIALIZED COUNTRIES 
When money i s  p a i d  f o r  e x p o r t s  coming from i n d u s t r i a l i z e d  
c o u n t r i e s  such  a s  t h e  Uni t ed  S t a t e s ,  t h e  e n e r g y  embodied i n  t h e  
s e r v i c e s  accumula ted  i n  d e v e l o p i n g  t h e  e x p o r t  may be  rough ly  
f i g u r e d  from t h e  p r i c e  u s i n g  t h e  e n e r g y  t o  d o l l a r  r a t i o  o f  t h e  
U . S .  The ene rgy  used  by t h e  U.S. may be  e s t i m a t e d  as t h e  sum 
o f  t h e  embodied e n e r g y  o f  t h e  f u e l s  used  a n d  t h e  embodied e n e r g y  
o f  t h e  s o l a r - d r i v e n  renewable  e n e r g i e s  (see F i g u r e  A 4 ) .  The 
l a r g e s t  o f  t h e  s o l a r  d r i v e n  i n p u t s  i s  t h e  embodied e n e r g y  of  t h e  
g l o b a l  ocean  and  a t m o s p h e r i c  s o l a r  a b s o r p t i o n  i n  Gibbs f r e e  
ene rgy  o f  t h e  r a i n  r e l a t i v e  t o  t h e  s a l t  w a t e r  o f  t h e  s e a  (where 
r i v e r s  r e a c h  t h e  sea) and t h e  s a l t  w a t e r  i n  t r a n s p i r i n g  l e a v e s  
( w a t e r  p o t e n t i a l ) ,  h e r e  t a k e n  a s  o s m o t i c  p r e s s u r e  o f  s e a  water. 
F u e l  u s e  was o b t a i n e d  from Department  o f  Commerce s t a t i s -  
t i c s  and r a i n f a l l  by a v e r a g i n g  a  median p o i n t  from e a c h  s t a t e  
o f f  a  map o f  U.S. r a i n f a l l  (NOAA 1 9 7 7 ) .  The c a l c u l a t i o n  i s  il- 
l u s t r a t e d  f o r  1978 i n  T a b l e  A4a. The p r o c e d u r e  i s  r e p e a t e d  f o r  
t h e  y e a r s  1947-1980 i n  T a b l e  A4b. Gross  N a t i o n a l  P r o d u c t s  w e r e  
from Department  o f  Commerce S t a t i s t i c a l  A b s t r a c t s ,  
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Figure A 4 .  Summary diagram of driving energy 
sources and the GNP in the U.S.A. 
T a b l e  A4a. Flows f o r  e v a l u a t i n g  U.S. e n e r g y / d o l l a r  r a t i o .  
A c t u a l  Energy Embodied 
Foot-  Energy T r a n s f o r m a t i o n  S o l a r  Energy 
n o t e  I t e m  J / y r  R a t i o  SEJ/J  S E J / ~ ~  
1 R a i n f a l l  4.17 E l 9  1.54 E4 0 .64  
2 F u e l s  u s e d  8 . 2 3  E l 9  5.3 E4 4.36 
T o t a l  5 .O 
5 .80  E7 Coa l  J/$ 
F o o t n o t e s  t o  T a b l e  A4a 
1 .  R a i n f a l l  e n e r g y  u s e d  
A c t u a l  e n e r g y :  
(Area  o f  USA) (mean r a i n f a l l )  (Gibbs  f r e e  e n e r g y  p e r  u n i t  r a i n )  
( 1  E-2 m / c m )  (3 .623  E6 s q . m i l e s )  (640 a c r e s / s q  m i l e s )  
2 .  F o s s i l  f u e l  u s e  i n  USA i n  1978 
T a b l e  A 4 b .  R a t i o  of embodied energy t o  GYP f o r  t h e  USA. 
E S  R 
F S o l a r  equiv.  T o t a l  Energy 
F o s s i l  of  f o s s i l  embodied t o  d o l l a r  
f u e l  u se  f u e l  use energy use GNP r a t i o  
Year El9 J /y  E24 SEJ/Y E24 S E J / ~  E9 $/Y El2 SEJ/$ 
Table  A4b c o n t i n u e d  
E S R 
F  S o l a r  equiv. T o t a l  Energy 
F o s s i l  of  f o s s i l  embodied t o  d o l l a r  
f u e l  use  f u e l  use energy use  GNP r a t i o  
Year El9 J / y  E24 SEJ/y E24 S E J / ~  E9 $/Y El2 SEJ/$ 
Footno tes  t o  T a b l e  A4b. 
F F o s s i l  f u e l  use  from D e ~ a r t m e n t  o f  Comnerce ( 1  982) . 
E S o l a r  e q u i v a l e n t s  a s s i g n e d  w i t h  energy  t r a n s f o r m a t i o n  r a t i o  
f o r  o i l  from Tab le  3 .1 ,  5 . 3  E4 SEJ/J o i l .  
S  T o t a l  embodied energy  was o b t a i n e d  by add ing  s o l a r  equiva-  
l e n t s  of  o i l  from Column E t o  s o l a r  e q u i v a l e n t s  o f  r a i n ,  
.64 E24 SEJ/y from Tab le  A4a. 
G N P  Gross N a t i o n a l  P roduc t  from Department o f  Commerce S t a t i s -  
t i c a l  A b s t r a c t  (1 982) . 
R Embodied Energy t o  D o l l a r  R a t i o  f o r  each  y e a r  was c a l c u l a -  
t e d  a s  t h e  r a t i o  o f  column S  t o  G N P  f o r  t h a t  y e a r .  
Fol lowing work by Mark Brown an  a v e r a g e  energy  t o  d o l l a r  r a t i o  
was c a l c u l a t e d  a s  t h e  r a t i o  of  wor ld  energy  f l u x  (8 .0  E24 S E J / y ) ,  
Appendix A2, renewable  p l u s  10.8 E24 SEJ/y wor ld  f u e l  u s e )  t o  
world economic p r o d u c t  ( $ 5  ~ 1 2 / y  U.S. 1979 $ ) .  
A P P E N D I X  A5: SOLAR EQUIVALENTS O F  INDUSTRIAL FUEL 
HEAT SOURCES USING WOOD POWER PLANT 
AT J A R I ,  BRAZIL 
Conversion o f  s o l a r  energy t o  b o i l e r  f u e l  and e l e c t r i c i t y  
was c a l c u l a t e d  from r e a l  power p l a n t  o p e r a t i o n s  a t  J a r i ,  B r a z i l ,  
u s i n g  performance f i g u r e s  s u p p l i e d  by t h e  p l a n t  manager. Em- 
bodied energy i n  r a i n f a l l  e s t i m a t e d  used i n  r a i n f o r e s t  growth 
was t h e  main i n d i r e c t  s o l a r  energy  c o n t r i b u t i o n .  A t ransforma-  
t i o n  r a t i o  was c a l c u l a t e d  a f t e r  s u b t r a c t i n g  feedbacks  of  f u e l s  
and s e r v i c e s .  Assuming 100 y e a r s  a s  a  growth p e r i o d  f o r  t h e  
q u a n t i t y  and q u a l i t y  o f  wood be ing  p roce s sed ,  a  s t e a d y  s t a t e  
diagram was e v a l u a t e d  a s  g iven  i n  F igu re  A5b. 
Appendix A5 P a r t  2 ,  w i t h  F igu re  A5b, shows t h e r e  i s  a  mod- 
e r a t e  n e t  energy and l i g h t  l o a d i n g  o f  environment when l and  i s  
o p e r a t e d  on a  100 y e a r  r o t a t i o n .  
Appendix A5 P a r t  3 u s e s  t h e  convers ion  o f  s o l a r  energy t o  
n e t  e l e c t r i c i t y  o f  t h e  wood power p l a n t  t o  e s t i m a t e  o t h e r  energy 
t r a n s f o r m a t i o n  r a t i o s  i n v o l v i n g  f u e l s  and s u n l i g h t .  
Rain 0, 




E l 5  / 
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Figure A5. Energy diagrams of the power plant in Jaril, 
Brazil. (a) complex, (b) summary. 
Table  B5.  Energy power p l a n t  a t  J a r i ,  B r a z i l ,  s e e  F igu re  A5, 
c a l c u l a t e d  a s  s t e a d y  s t a t e  r e q u i r i n g  2.31 E5 Ha. 
Foot- 
n o t e  I tem 
Ac tua l  Embodied 
Energy ETR S o l a r  Energy 
J/Y SEJ/J E20 SEJ/y 
Direct sun 
R a i n f o r e s t  evapo t rans -  
p i r a t i o n  
R a i n f o r e s t  wood burned 
Fue l  used i n  h a r v e s t  
S e r v i c e s  used i n  
h a r v e s t  
E l e c t r i c i t y ,  de ba r k ing  
c h ipp ing  
E l e c t r i c i t y  ge ne r a t ed  
Feedbacks t o  power 
p l a n t  
N e t  e l e c t r i c a l  o u t p u t  
Foo tno tes  t o  Tab le  A5. 
1.  Direct s u n l i g h t  assumed 
(1.29 E6 kcal /m2/yr)  (4186 J / k c a l )  (2.31 E9 m 2 )  = 1.257 El9 J / y r  
2. R a i n f o r e s t  w a t e r  used a s  e v a p o t r a n s p i r a t i o n  and Gibbs f r e e  
energy r e l a t i v e  t o  l e a f  s a l t  ( ~ o o t n o t e  6 ,  Table  3 . 1 ,  4.94 
J/g 
2  ( 3  mm/d) (365 d/y)  (1  E-3 m/mm) ( 1  m 2 )  ( 1  E6 g/m ) (4.94 J / g )  
2  ( 2 . 3  E9 m ) = 1.25 El6 J water /y  
3. R a i n f o r e s t  wood burned i n  power p l a n t  
6.05 E5 T/y wood used from 2314 Ha; 9.86 E9 J / T ;  t o  supply  
i n  s t e a d y  s t a t e ,  1 0 0  t i m e s  t h i s  a r e a  i s  r e q u i r e d ,  2.314 
E9 m2 
F o o t n o t e s  t o  T a b l e  A5 c o n t i n u e d  
4 .  F u e l  u sed  i n  h a r v e s t  
Da ta  f rom s i m i l a r  machine h a r v e s t s  o f  podoca rp  v i r g i n  f o r e s t  
i n  New Zea land :  li u i d  f u e l ,  l o g g i n g  52 E6 ~ / m 3  wood; 9 l o a d i n g :  33 E6 J / m  wood; t r a n s p o r t :  130 E6 ~ / m 3  wood. 
3  3  (215  E6 J / m  wood) (261 .5  m wood/Ha) ( 2 , 3 1 4  Ha/y) 
5 .  S e r v i c e s  u s e d  i n  h a r v e s t  
$300/Ha i n  s i m i l a r  h a r v e s t  i n  N e w  Zea land ,  1978. 
($300/Ha) ( 2 . 2 8  E8 f u e l  J / $ )  (2314 Ha/y) = 1/58 E l 4  f u e l  J / y  
6 .  E l e c t r i c i t y  u s e d  i n  d e b a r k i n g  and  c h i p p i n g  
3  
E q u i v a l e n t  d a t a  u s e d  f rom New Zea land ,  98 E6 f u e l  J / m  wood 
( 9 e  E6 f u e l  ~ / m ~ )  (261 .5  m 3 / ~ a )  (2314 Ha/y) = 5 . 9 3  E l 3  f u e l  J / y  
7.  E l e c t r i c i t y  g e n e r a t e d  
53  megawat t s  
( 5 3  E6 w a t t s )  ( 1 J / s e c / w a t t )  (3 .154  E7 s e c / y )  
= 1 .6 7  El 5  e l e c t r i c  J / y  
8 .  Feedbacks  o f  f u e l s  and  embodied e n e r g y  o f  s e r v i c e  f rom 
economy t o  power p l a n t  m a i n t e n a n c e  a n d  o p e r a t i o n  assume 1 / 4  
o f  e l ec t r i c  o u t p u t ,  F o o t n o t e  7 .  
( 1 . 6 7  E l 5  E l e c .  ~ / y )  ( . 2 5 )  = 0.42  E l 5  e l e c t r i c  J / y  
9 .  N e t  e l e c t r i c a l  o u t p u t  
E l e c t r i c i t y  minus  f e e d b a c k s  i n  F o o t n o t e s  4-7 
( 1 . 6 7  - . 4 6 )  E l 5  J / y  = 1.21 E l 5  E l e c t  J / y  
APPENDIX A5 PART 2 :  RATIOS FOR WOOD POWER PLANT AT 
J A R 1  
Using  t h e  a g g r e g a t e d  embodied e n e r g i e s  f o r  t h e  wood power 
p l a n t  a s  diagrammed i n  F i g u r e  A5b, u s e f u l  r a t e s  w e r e  c a l c u l a t e d .  
T a b l e  A5b. R a t i o s  c h a r a c t e r i z i n g  wood power p l a n t  a t  J a r i ,  B r a z i l .  
Foot-  
n o t e  N a m e  
- - - - -- 
E x p r e s s i o n  
( F i g u r e  A5b) R a t i o  
N e t  e n e r g y  y i e l d  r a t i o  Y/F 
Energy i n v e s t m e n t  r a t i o  F / I  
F o o t n o t e s  f o r  T a b l e  A5b 
1 .  Q u o t i e n t  o f  Y and F  b o t h  i n  s o l a r  e q u i v a l e n t s  
Y = n e t  e l e c t r i c a l  o u t p u t  f rom T a b l e  A5a i n  s o l a r  e q u i v a -  
l e n t s  
= (1 .21  E l 5  elec J ) ( 1 . 5 9  E5 ~ ~ J / e l e c  J )  = 1.92 E20 SEJ/y 
F  = f e e d b a c k s  from economy as f u e l  and  s e r v i c e s  (see T a b l e  
A5a) 
= (0.46 E l 5  e lec  J )  (1 .59 E5 SEJLelec  J )  = 7.31 El9  SEJ/y 
2 .  Q u o t i e n t  o f  F  ( above )  a n d  I 
I = embodied s o l a r  e n e r g y  i n  r a i n  e v a p o t r a n s p i r e d  ( T a b l e  A5a) 
services, $31.9 E6 
2.31 E5 hectares 
0.73 
Environmental 
energies 1 . 7  2.65 
Electricity 
J/y actual energy 
Figure A 5 .  Energy system of the wood power plant at Jari, 
Brazil. (a) actual energy per year calculated 
as a steady state; (b) embodied solar equivalents. 
See Table A 5 .  
APPENDIX A5 PART 3: ENERGY TRANSFORMATION RATIOS O F  
FUELS 
The co n v e r s i o n  of  s o l a r  energy t o  e l e c t r i c i t y  i n  t h e  wood 
power p l a n t  a t  J a r i  a l l o w s  s o l a r  energy e q u i v a l e n t s  t o  be  c a l -  
c u l a t e d  f o r  wood, e l e c t r i c i t y ,  and s e c o n d a r i l y  f o r  c o a l ,  o i l ,  
n a t u r a l  g a s ,  and l i q u i d  f u e l s  by m u l t i p l y i n g  and d i v i d i n g  by 
o t h e r  energy t r a n s f o r m a t i o n  r a t i o s .  
Table  A5c. 
Foot- 
n o t e  I t e m  ETR 
1 S o l a r  e q u i v a l e n t s  of  r a i n f o r e s t  
wood s t i l l  s t a n d i n g  i n  t h e  3.23 E 4  SEJ/J wood 
f o r e s t  
2  S o l a r  e q u i v a l e n t s  o f  r a i n f o r e s t  
wood t r a n s p o r t e d  and ch ipped  3.49 E 4  SEJ/J c h i p s  
f o r  b u r n i n g  
S o l a r  e q u i v a l e n t s  o f  n e t  
e l e c t r i c i t y  1.59 E5 SEJ / J  elec t  
R a i n f o r e s t  wood e q u i v a l e n t s  o f  
n e t  e l e c t r i c i t y  4.56 wood J/J e l e c t  
5  S o l a r  e q u i v a l e n t s  o f  c o a l  3.98 E 4  SEJ/J c o a l  
6  Coal  e q u i v a l e n t s  o f  motor f u e l  1.65 c o a l  J / M  f u e l  J 
Crude o i l  e q u i v a l e n t  o f  motor 
f u e l  1 .23  o i l  J / M  f u e l  J 
8  Coal  e q u i v a l e n t s  o f  c rude  o i l  1.34 c o a l  J/J o i l  
9  S o l a r  e q u i v a l e n t s  o f  c rude  o i l  5 . 3 3  E 4  SEJ/J o i l  
1 0  Coal  e q u i v a l e n t s  o f  n a t u r a l  gas  1.2 c o a l  J / g a s  J 
S o l a r  e q u i v a l e n t s  o f  n a t u r a l  
g a s  
S o l a r  e q u i v a l e n t s  of  l i q u i d  
motor f u e l  6.6 E 4  SEJ/M f u e l  J 
F o o t n o t e s  t o  Tab le  A5c 
1 .  ETR f o r  s o l a r  e q u i v a l e n t s  o f  s t a n d i n g  r a i n f o r e s t  wood. 
Ac tua l  ene rgy :  
(2.615 E2 m' wood/Ha/100 y r s )  (9.86 E9 ~ / m j  wood) 
m 
embodied s o l a r  ene rgy  from e v a p o t r a n s p i r a t i o n :  
( 3  mm/d) (365 d/y)(100 y )  (1000 g/m2/mm) (4 .94  J /g)  
F o o t n o t e s  t o  T a b l e  A5c c o n t i n u e d  
ETR : 
8 ' 3  s ~ ~ / m 2 / 1 0 0  yr  = 3.23  E4 SEJ/J  s t a n d i n g  wood 
2.58 E6 ~ / r n ~ / 1 0 0  y 
2. ETR f o r  r a i n f o r e s t  wood t r a n s p o r t e d  and  c h i p p e d  f o r  
b u r n i n g  
(1 .59  E5 S E J / e l e c t  J from T a b l e  3 .1 )  
= 3 . 4 9  E 4  SEJ/J (4 .56 wood J /e lec t  J from F o o t n o t e  4 )  
3 .  S o l a r  e q u i v a l e n t s  o f  n e t  e l e c t r i c i t y ,  f l o w s  i n  T a b l e  A5a 
(1 .25  El6  J e v a p o t r a n s / y )  ( 1.54 E4 SEJ/J  w a t e r )  
(1 .21  E l 5  J / y  e l ec t r i c . )  
4 .  R a i n f o r e s t  wood e q u i v a l e n t s  o f  n e t  e l e c t r i c i t y ,  f l o w s  
i n  T a b l e  A5a 
( 5 . 5 1 7  used) = 4.56 r a i n f o r e s t  wood J /e lec t  J (1 .21  E l 5  e lec t  J / y )  
5 .  S o l a r  e q u i v a l e n t  o f  c o a l  
(1 .59  E5 S E J / e l e c  J )  ( 0 . 2 5  e l e c t  J / c o a l  J )  
= 3.98 E4 S E J / c o a l  J 
6.  Coa l  e q u i v a l e n t  o f  l i q u i d  f u e l ,  e s t i m a t e d  from c o n v e r s i o n  
p r o c e s s  f rom S l e s s e r  ( 1 9 7 6 ) :  1 .65  c o a l  J / l i q u i d  f u e l  J 
7.  Crude o i l  e q u i v a l e n t  o f  l i q u i d  motor  f u e l  f rom Cook ( 1976) ; 
19% used  i n  t r a n s p o r t  and  r e f i n i n g  
0.81 l i q u i d  f u e l  J/J c r u d e  o i l  
1 .23  J c r u d e  o i l / J  l i q u i d  f u e l  o i l  ( r e c i p r o c a l )  
8 .  Coa l  e q u i v a l e n t  o f  c r u d e  o i l  
(1 .65  c o a l  J/J l i q u i d  f u e l ) ( 0 . 8 1  J l i q u i d  f u e l / J  c r u d e  o i l )  
= 1.34 c o a l  J / c r u d e  o i l  J 
F o o t n o t e s  t o  T a b l e  A5c c o n t i n u e d  
9 .  S o l a r  e q u i v a l e n t s  o f  c r u d e  o i l  
(1 .34  c o a l  J / o i l  J )  (3 .98  E4 SEJ /coa l  J )  = 5 .33  E4 S E J / o i l  J 
10. Coa l  e q u i v a l e n t s  o f  n a t u r a l  g a s  
N a t u r a l  g a s  20% more e f f i c i e n t  i n b o i l e r s  t h a n  c o a l  (Cook 
1976) 
1 .2  c o a l  J /gas  J 
11.  S o l a r  e q u i v a l e n t s  o f  n a t u r a l  g a s  
( 1 . 2  c o a l  J / g a s  J ) ( 3 . 9 8  E4 SEJ /coa l  J )  = 4.78 E4 SEJ/gas  J 
12. S o l a r  e q u i v a l e n t s  o f  l i q u i d  motor  f u e l  
(1 .65  c o a l  J / l i q u i d  J )  (3 .98  E4 SEJ /coa l  J )  
= 6 . 6  E4 S E J / l i q u i d  J 
APPENDIX 6: PHOSPHATE DEPOSITS OF FLORIDA 
Data on w a t e r  p e r c o l a t i o n  from r u n o f f  i n t o  swamps and t h e n  
d i s s o l v i n g  and r e p r e c i p i t a t i n g  phosphorus o v e r  l o n g  g e o l o g i c a l  
p e r i o d s  was used t o  e s t i m a t e  embodied energy  i n  phospha te  r o c k .  
A d d i t i o n a l  e n e r g i e s  become embodied i n  mining,  p r o c e s s i n g  and 
t r a n s p o r t  o f  phospha te  f e r t i l i z e r .  See d iagram o f  phosphate  
sys tem i n  F i g u r e  A6. Many d a t a  on c h e m i s t r y  o f  w a t e r  p e r c o l a -  
t i o n  i n  F l o r i d a  pe rched  c y p r e s s  swamps were g iven  i n  geochemical  
s t u d i e s  (Ewe1 and Odum, e d s  . 19 83) . Rates  o f  phosphorus concen- 
t r a t i o n  w e r e  found c o n s i s t e n t  w i t h  g e o l o g i c a l  d a t a  w i t h  model- 
i n g  and s i m u l a t i o n  ( G i l l i l a n d  1973, 1976) . 
With a b o u t  10% o f  t h e  t a b l e l a n d  l andscape  i n  swamps, c a l c u -  
l a t i o n s  were made o f  ene rgy  embodied i n  p h o t o s y n t h e s i s  o f  10 m 2 
2 b e i n g  converged i n  o r g a n i c  m a t t e r  i n  r u n o f f  t o  1 m o f  swamp, 
p e r c o l a t i n g  th rough  l i m e s t o n e s  under  t h e  swamp w i t h  molar  conver-  
s i o n  o f  o r g a n i c  carbon g e n e r a t i n g  a c i d  e q u i v a l e n t s  o f  carbon 
d i o x i d e  removing e q u i v a l e n t s  o f  ca lc ium c a r b o n a t e ,  l e a v i n g  phos- 
p h a t e  c o n c e n t r a t e d .  
C a l c u l a t i o n s  w e r e  made o f  t h e  p e r c o l a t i o n  r e q u i r e d  t o  con- 
c e n t r a t e  a  c u b i c  meter o f  l i m e s t o n e  mar l  t o  1/10 i t s  volume and  
a  10 f o l d  i n c r e a s e  i n  phosphorus  c o n c e n t r a t i o n .  T i m e  f o r  t h i s  
was e s t i m a t e d  t o  b e  3 , 9 4 9  y e a r s .  
F i g u r e  A 6 .  Energy d i ag ram o f  s h o s p h a t e  sys t em.  
Table A6. Energy flows in phosphate formation and mining 
system for 200 kg 10% P rock developed by work 
from 10 m2 land*. 
Actual  Energy Embodied 
Foot - Energy Transformation So la r  Energy 
no te  Item J Rat io  SEJ/J El2 SEJ/y 
1 L Direc t  sun,  1 0  m of land 2.31 El4 1 
* 
D i r e c t  sun, 10'm of 
e s t u a r y  
I n d i r e c t  sun i n  r a i n  
converged t o  swamp 
4  Gibbs f r e e  energy i n  
phosphate 6.96 E6 4.14 E7 288 
5 Serv i ce  i n  mining, 
t r a n s p o r t ,  $16 - 2.3 El2 J /$  38. 
Fue l  i n  mining, 
t r a n s p o r t  
Footnotes to Table A6 
*Time for development of phosphate deposit estimated from rate 
of percolation through Florida swamp. 10% of rain over 10 m2 
runs into swamp area of 1 m2. 2.5 cm/week (130 cm/y) perco- 
lated down carrying 100 mg/l organic matter that oxidizes 
generating acid as it percolates dissolving limestome. 
2 
= 4.33 mole/m /y 
2 To dissolve 90% of limestone of density 1.9 at 4.33 moles/m /y: 
3 3 (1 E6 cm /m ) (1.9 g/cm3) (.9) 
(100 g/mole CaC03) = 1.71 E4 moles CaC03 
(1.71 E4 moles caco3/m3 rock) 
3 = 3949 years (4.33 moles acid/m /y ) 
1. Direct sun on 10m2 area from which waters converge to 1 m 2 
F o o t n o t e s  t o  T a b l e  A6 c o n t i n u e d  
2.  Direct  s o l a r  e n e r g y  on e s t u a r y  o p e r a t i n g  ecosys t em accumu- 
l a t i n g  m a r l  f rom s h e l l s  one m i n  volume p e r  10 m 2 .  Same 
a s  i n  F o o t n o t e  1 ,  2.31 E l 4  SEJ/10 m2.  
3.  I n d i r e c t  s o l a r  e n e r g y  i n  10% r a i n w a t e r  c o n v e r g i n g  t o  swamp 
and o p e r a t i n g  i t s  v e g e t a t i o n  d u r i n g  l e a c h i n g  p e r i o d  
2  3  (1 .08  m/y r a i n  u s e d )  (10 m ) (1  E6 g/m ) ( 4 . 4  J /g ) (O . lO)  
= 4.75 E6 J / y  
(4 .75  E6 J / y )  (3949 y )  = 1.87 El0  r a i n  w a t e r  J /10  m 2  
4 .  Gibbs  f r e e  e n e r g y  i n  t h e  phosphorus  c o n c e n t r a t i o n  r e l a t i v e  
t o  p r e v a i l i n g  s o l u t i o n s  from which phosphorus  was f i r s t  
c o n c e n t r a t e d  by s h e l l f i s h  sys t em t o  1% and f u r t h e r  by swamp 
s o l u t i o n  t o  10%.  S o l u t i o n  e q u i l i b r i u m  w i t h  s o l i d  p h o s p h a t e  
t a k e n  a s  I ppm. 
F r e e  e n e r g y  p e r  gram = (8 .33 J /mole /deg)  ( 3 0 0 ~ )  ( 1  . o )  (33 g/mole)  Loge ( . 0 1 )  
= 348 J / g  
Phosphorus  c o n t e n t  c o n c e n t r a t e d  i n i t i a l l y  I % ,  d e n s i t y  2g/cm 3  
Energy t r a n s f o r m a t i o n  r a t i o  u s i n g  s o l a r  e q u i v a l e n t s  o f  r a i n  
used :  
288 E l 2  SEJ) 
(6 .96 E6 J p h o s p h a t e )  = 4 . 1 4  ~7  SEJ/J  p h o s p h a t e  
per gram: 288 SEJ = I .  4 4  E I  0 S E J / ~  2  E4 gP 
5 .  Energy embodied i n  s e r v i c e s  o f  s u p e r  p h o s p h a t e  f rom $/energy  
r a t i o  and 1978 p r i c e s  i n  U.S. (FA0 1979)  
( $ 3 6 2 / ~  s u p e r  p h o s p h a t e  P205)  (44 .2  kg P205)  (1  E-3 T/kg) 
= $16. 
2.37 E l 2  SEJ/$ i n  U.S. 1978 
Footnotes to Table A6 continued 
6. Fuel used in mining and processing super phosphate 
22.1 E6 fuel J/kg P205 (Fluck and Baird 1980, quoting 
Shaft 1975) ; 
'25 
is 146/66 of P 
(22.1 E6 fuel J/kg P205) (200 kg) (0.1 P) (1 46/66) 
= 9.78 E8 fuel J/y 
ETR far superphosphate (H3P04); 33% of superphosphate is P. 
'(28.8 + 3.8 + 6.5)E13 SEJ = 5.62 E7 SEJ/J 
6.96 E6 J 
Per gram P in superphosphate 
APPENDIX A7: MINERALS AS A FRACTION OF THE EARTH 
CYCLE 
Rocks forming on l a n d  may be v i s u a l i z e d  a s  t h e  p r o d u c t  o f  
coupled  s o u r c e s  converg ing  from energy d r i v i n g  c r u s t  and deep 
e a r t h  t o g e t h e r  t o  b u i l d  t h e  l a n d  fo l lowed  by p a r a l l e l  a l l o c a -  
t i o n s  of t h e  l a n d  p r o c e s s  t o  v a r i o u s  m i n e r a l  p r o c e s s e s  i n  pro-  
p o r t i o n  t o  t h e i r  f r a c t i o n  of t h e  c o n t i n e n t a l  c y c l e .  See F i g u r e  
T o t a l  e a r t h  c y c l e  of t h e  l a n d  used was 2 . 4  cm/1000 y e a r s  
which i s  9.36 El5  G/y (based on d e n s i t y  2.61 g/cm3 and 1.5 El4 
2  
m a r e a ) .  That  t h i s  p rocedure  g e n e r a t e s  f o r  c o a l  a  s i m i l a r  
r a t i o  t o  t h a t  from a n a l y s i s  of  a  r e a l  wood power p l a n t  (Appen- 
d i x  A5) ,  g i v e s  some c r e d i t a b i l i t y  f o r  t h i s  way of  a g g r e g a t i n g  
p r o c e s s e s  f o r  t h o s e  t y p e s  of rock t h a t  form by g e n e r a l  c o n s o l i -  
d a t i o n ,  p r e s s u r e ,  p e r c o l a t i o n ,  h e a t ,  e t c . ,  of sed iments  o v e r  
l a r g e  a r e a s .  T h i s  p rocedure  a s s i g n s  e a r t h  h e a t  t o  l a n d  m a t t e r  
on an  e q u a l  energy p e r  gram b a s i s  ( 8 . 5  E8 SEJ/g i n  T a b l e  A7) .  
Rock and mineral 
processes 
(Mineral's fraction of total land uplift) (8 E24 SEJIy) 
ETR = (Annual Gibbs Free energy uplift of the mineral) 
Figure A7. Diagram of concept used to evaluate embodied 
energy of rocks and minerals. Undersea energy 
assumed necessary to land process, but each 
rock and mineral process parallel and not 
necessary to each other. 
Table A7. Energy transformation ratios for rocks and minerals, 
Iron ore Coal Bauxite 
Reserve, T 
Fraction of rock 
Flux, G/Y 
Gibbs energy, J/g 














Footnotes to Table A7 
A Estimated reserves available for mining in upper kilometer, 
B Fraction that item in row A is of total rock in upper 
kilometer of land: 
2 3 3 (1.5 ~ 1 4  m land) (1 E3 m /km) (2.62 T/m density) = 3.93 El7 T 
C Fraction in row B times world rock uplift flux, which was 
calculated: 
2 (2.4 cm/1000 y )  (1.3 El4 m land) (1 E4 cm2/m2) (2.62 g/cm3) 
D Gibbs free energy from Gilliland et al. (1983). 
E Flux of Gibbs free energy in the mineral formation per year 
was the product of mass flux in row C and Gibbs free energy 
per gram in row D. 
F Embodied energy allocated to the particular mineral was cal- 
culated as the fraction of land rock from row B times world 
embodied energy of earth processes, 8.0 E24 SEJ/y (Appendix 3). 
G Energy transformation ratio is ratio of embodied energy in 
row F to that for actual energy in row E. 
H Embodied energy per gram calculated by multiplying ETR in 
row G by unit energy content in row D. 
Since there are further processes of differentiation and 
energy convergence for many minerals as part of the hierarchy 
of geological processes, an additional factor needs to be multi- 
plied in appropriate cases representing the ratio of additional 
concentration. For example, metamorphic minerals generated at 
a contact zone of energy release representing the convergence 
of pressures and materials from a ten times larger area would 
have ten times larger embodied energy of earth heat assigned. 
Ultimately, to do minerals and rocks accurately will re- 
quite an accurate "food chain" network diagram for the minerals, 
the same kind of network energy diagram for the earth that has 
been generated for most ecosystems in the last decade or so. 
Such data generally exist in geological literature already and 
opportunities for biogeochemical synthesis which includes 
"trophic aggregation" and accurate energy transformation ratios 
for rarer rocks and minerals are quite exciting. 
APPENDIX A8: EARTH CYCLE AND UPLIFT 
Energy f lows  t h a t  a r e  d r i v i n g  t h e  e a r t h  c y c l e  and u p l i f t  
o f  l a n d  t o  form c o n t i n e n t a l  s t r u c t u r e  and mountains a r e  e v a l u a t e d  
i n  two p a r t s :  n e t  u p l i f t  and e a r t h  c y c l e  i n  s t e a d y  s t a t e .  
P a r t  I i s  t h e  energy  o f  work a g a i n s t  g r a v i t y  ( g e o p o t e n t i a l  
ene rgy)  i n  g e n e r a t i n q  new u p l i f t  t h a t  d i d  n o t  e x i s t  b e f o r e .  T h i s  
i s  c a l l e d  n e t  u p l i f t .  The t o t a l  c o n t i n e n t a l  mass above s e a  l e v e l  
i s  c o n s i d e r e d  a s  g e n e r a t e d  i n  t h e  age of t h e  e a r t h  a s  5 b i l l i o n  
y e a r s .  Because of  t h e  s q u a r e  of h e i g h t  i n v o l v e d  i n  t h i s  c a l c u l a -  
t i o n  it i s  v e r y  s e n s i t i v e  t o  r a t e  of  e l e v a t i o n .  T h i s  ene rgy  can 
be  c a l c u l a t e d  when t h e r e  a r e  d a t a  on n e t  r a t e  o f  u p l i f t  o r  s u b s i -  
dence ( n e g a t i v e ) .  See F i g u r e  A8a and i t e m  number 1  i n  Tab le  A8. 
For s t o r a g e s  o f  e l e v a t e d  l a n d  a v a i l a b l e  t o  an  economy, a  d e p t h  o f  
10 mete r s  was used a s  r e a d i l y  a c c e s s i b l e  and t h i s  l a y e r  o f  rock 
c o n s t i t u t e s  t h e  g e o p o t e n t i a l  d r i v i n g  l a n d s l i d e s ,  e t c .  
For  most o f  t h e  e a r t h  c y c l e ,  t h e  l a n d  i s  n o t  b e i n g  u p l i f t e d  
i n  n e t  e l e v a t i o n ,  b u t  i s  b e i n g  r o t a t e d  up by i s o s t a t i c  ad jus tment  
0 sources 
1 Heat flow 
Figure A8. Energy diaqrams of geological 
uplift. (a) net uplift; 
(b) earth cycle. 
Table A8. Earth cycle and uplift. 
Actual  S o l a r  Energy 
Foot- energy ETR Equ iva l en t s  
no t e  Item J/Y SEJ/J E24 SEJ/y 
1 Net u p l i f t  of e a r t h  2 .93E14  2 . 7 3 E 1 0  8.0 
2  Deep h e a t  f low from 
c o n t i n e n t a l  e a r t h c y c l e  2.746 E20 2.90 E4 
3  Hydrological  work i n  
r i v e r  t r a n s p o r t  p a r t  
of e a r t h  c y c l e  3.39 E20 2.36 E4 
Footnotes to Table A8. 
1 .  Uplift in 1 billion years; mean elevation of continents 
875 m; continental area, 1.5 El5 m2; density 2.6 E3 ky/m3 
2. Earth cycle in steady state (not net uplift) continental 
heat flows from Sclater et al. (1980), 2.746 E20 ~ / y .  
3. Hydrological work in river transport of world sedimentary 
cycle (9.63 El5 g/y from Appendix 7) by 39.6 El2 m3/y from 
875 m average elevation 
Actual energy 
per gram: 
ETR per gram: 8.0 E24 SEJ/Y = E9 J / ~  
9.63 El5 g/y 
a s  e r o s i o n  and s o l u t i o n  remove l a n d  from t h e  s u r f a c e .  T h i s  i s  
n o t  a  s t o r a g e  of  g e o p o t e n t i a l  energy any more t h a n  t u r n i n g  a  
f e r r i s  wheel i s  work a g a i n s t  g r a v i t y .  There i s  o n l y  t h e  energy 
o f  work o f  c i r c u l a t i o n  and t r a n s p o r t  which ends up a s  f r i c t i o n  
and o t h e r  d i s p e r s i o n s  emerging from t h e  e a r t h  a s  h e a t  f low.  See 
F igure  A8b and i t e m  2 i n  Table  A8. T h e r e f o r e  t o  e v a l u a t e  t h e  
embodied energy  i n  t h e  e a r t h  c y c l e ,  t h e  h e a t  f low i s  used and 
r e l a t e d  t o  t h e  wor ld  embodied energy d r i v i n g  t h e  wor ld  c y c l e .  
Data from S c l a t e r  e t  a 1  (1980) a r e  h e l p f u l  i n  d i s t i n g u i s h i n g  
between t h e  h e a t  f low o f  r e c e n t  and r a p i d  e a r t h  c y c l i n g  and t h a t  
i n  o l d ,  s t a b l e ,  l i t t l e  c i r c u l a t i n g  a r e a s .  Much more r e f i n e m e n t  
i s  needed i n  g e t t i n g  a p p r o p r i a t e  c a l c u l a t i o n s  f o r  v a r i o u s  l o c a l  
a r e a s .  
Whereas h e a t  emerging from below i s  an i n d i c a t o r  of  t h e  
work of c i r c u l a t i o n  b e i n g  done by deeper  p r o c e s s e s ,  t h e  work o f  
t r a n s p o r t i n g  sed iments  a t  t h e  s u r f a c e  of  . the  e a r t h  i n  r i v e r s  and 
c o a s t a l  c u r r e n t s  can  b e  e s t i m a t e d  by t h e  p o t e n t i a l  ene rgy  o f  
h y d r o s t a t i c  w a t e r  head d i s p e r s e d  i n  t h e  p r o c e s s  of a  s t e a d y  f low 
t h a t  c a r r i e s  a  sed iment  l o a d .  See i t e m  3 i n  Tab le  A8, 
APPENDIX A9a: LOW ENERGY CORN 
Data on Mexican corn cultivated with hand labor were given 
by Pimentel (1979) . Using evaluations in Table A9a and Figure A9a, 
energy transformation ratios are estimated for corn and primitive 
agricultural labor. 
F i g u r e  A9. Energy diagram of p r i m i t i v e  
Mexican co rn  c u l t i v a t i o n .  
T a b l e  A 9 a .  E n e r g y  f l o w s  i n  M e x i c a n  corn w i t h  hand labor  
f o r  1  hectare .  
Foot- 
no te  I tern 
Actual  So la r  Energy 
Energy ETR Equiva len ts  
J/Y SEJ/J El2 SEJ/y 
1 Rain 4.94 El0 1.54 E4 760. 
2  Tools  ( coa l  equiv . )  7.0 E7 4 E4 3. 
3 Labor 5.0 E8 1.52 E6 763. 
4  Seeds 3.66 E4 - 763. 
5  Corn y i e l d  2.86 El0 2.67 El0 763. 
F o o t n o t e s  f o r  T a b l e  A9 
1 .  R a i n  r e p r e s e n t i n g  biosphere  c o m p o n e n t s  
S e e  footnote  6 ,  T a b l e  3-1 
2 .  T o o l s  P i m e n t e l  quotes  B e r r y  and F e l s  ( 1 9 7 3 )  2 0 , 1 7 2  k c a l / k g  
t o o l s  i n  coal  e q u i v a l e n t s ;  t o o l s  l a s t  5 y ;  4  k g  t o o l s  used.  
( 2 0 , 1 7 2  k c a l  c o a l / k g )  ( 4 1  8 6  J / k c a l )  ( 4  k g / h a / 5  y )  = 7 . 0  E 7  C E J / y  
3. L a b o r  
( 1 1 4 4  hr /y /ha)  ( 2 5 0 0  k c a 1 / 2 4  h r )  ( 4 1 8 6  J / k c a l )  = 5 . 0  E 8  J / y / h a  
4 .  S e e d s  are p a r t  of y i e l d  
5 .  C o r n  y i e l d  
( 1 9 4 4  k g / h a / y )  ( 1  E 3  g / k g )  ( 3 . 5 2  k c a l / g )  ( 4 1 8 6  J / k c a l )  
= 2 . 8 6  E l 0  corn J/y/ha 
C o r n  ETR = 7 . 6 3  E l 4  S E J / y  
2 . 8 6  E l 0  J / y  = 2 . 6 7  E 4  
APPENDIX A9b: INDUSTRIAL CORN 
Using data supplied by Pimentel (1979) and adding environ- 
mental and service inflows, a more complete energy analysis was 
given. See Tables A9b and Figure A9b. 
Table  A9b. Energy f l o w s  i n  one ha of  i n d u s t r i a l  c o r n .  
Foot- 
note Type of Energy 
Embodied 
Actual Solar Energy 
Energy ETR Energy 
J/Y SEJ/J El3 SEJ/y 
Direct Sun 
Indirect Sun, rain 
Soil used up 
Direct fuel 
Indirect fuel in machinery 
in coal equivalents 
service, $782/y 




Seed (fuel equivalents) 
Corn yield 
Corn stalks 
Footno tes  f o r  Tab le  A9b. 
* Many data from Pimentel (1979, p.69) 
1 .  D i r e c t  Sun 
(1 E6 kcal/m2/y) (1 E 4  m2/ha) ( 0 . 2 5 ~ )  (4186 J / k c a l )  
2. I n d i r e c t  sun  i n  r a i n  
5 J/g (Table  3.1 , Footno te  6 )  
r a i n  t r a n s p i r e d  by c r o p ,  0.6 m /m /y 
3  2  (1 E 4  m2/ha) (0 .6  m /m / y )  (1 E6 g/m3 d e n s i t y )  (5  J / g )  
Footno tes  t o  Tab le  A9b con t inued  
3 .  S o i l  used up 
Organic m a t t e r  i n  corn land  s o i l ,  12 T/acre  i n  45 cm. 
Top s o i l  l o s s  i n  corn  l a n d ,  10 ~ / h a / y  
(Larson,  P i e r c e  and Dowdy 1983) 
(10 ~ / h a / y )  (1  E 6  g/T) (6.58 E3 gorg./m3 
= 4.39 E 4  g/ha/y 
(1.5 E 6  g/m3 d e n s i t y )  
4 .  D i r e c t  f u e l  
5. I n d i r e c t  f u e l  i n  machinery 
5.58 E5 k c a l  c o a l  equiv. /ha/y based on 10 y  d e p r e c i a t i o n  
(P imente l ,  1979 ) ;  (5.58 E5 k c a l / y ) ( 4 1 8 6  J / k c a l )  = 2.34 E9 ~ / y  
6 .  S e r v i c e  
To avo id  double  coun t ing  of t h e  s e r v i c e  t h a t  t h e  f u e l  
embodied i n  goods (machinery) g e n e r a t e d ,  t h e  d o l l a r  e q u i v a l e n t  
of t h a t  f u e l  was s u b t r a c t e d ;  1975 US Energy-do l la r  r a t i o  from 
Appendix A 4  i s  
Cor rec t i on :  (2.34 E9 J /y  c o a l  equ iv .  i n  machinery) ( 4  E 4  SEJ/J) 
3.45 El2 SEJ/$ 
To e l i m i n a t e  double  count inq  i n  e v a l u a t i n q  s e r v i c e  due t o  c o r z  
c o n t r i b u t i n g  
c o n t r i b u t i n g  
s u b t r a c t e d .  
t o  U S  ene rgy -do l l a r  r a t i o ,  US co rn  energy (S)  
t o  t h e  t o t a l  ene rgy -do l l a r  r a t i o  ( P  ) i s  
The c o r r e c t e d  ene rgy -do l l a r  r a t i o  f a r  s e r v i c e  
F o o t n o t e s  t o  T a b l e  A9b  c o n t i n u e d  
( P  - S/X) w h e r e  X i s  Gross N a t i o n a l  P r o d u c t  
F o r  1 9 7 5 :  ( 3 . 4  E l 2  SEJ/$) - ( l o 4 0  E 2 3  SEJ/y)  = 3 . 3 1  ~ 1 2  SEJ/$ ( $ 1 . 3 2  E 1 2 / y )  
7 .  P e s t i c i d e  
O i l  e q u i v a l e n t s  u s e d  i n  pesticide m a n u f a c t u r e ,  2 . 8 7  E 5  k c a l / h a  
P i m e n t e l  1 9 7 9 )  . 
8 .  P h o s p h a t e  ( 7 . 2  E4  g / y ) ( 3 4 8  J /g )  = 2 . 5 1  E7  J / y  
9 .  N i t r o g e n  
2 . 1 7  E9  J / T  f r o m  A p p e n d i x  A16 
( 1 2 8  k g / y )  ( 2 . 1 7  E6 ~ / k y )  = 2 . 7 9  E8  J / y  
1 0 .  P o t a s s i u m  
7 0 2  J /g  from T a b l e  A 1 5 ,  F o o t n o t e  8  
( 8 0  E 3  g / y )  ( 7 0 2  J / g )  = 5 . 6 2  E 7  J / y  
1 1 .  S e e d s  
O i l  e q u i v a l e n t s  of seed p r o d u c t i o n ,  
5 . 2 5  E 5  k c a l / h a  ( P i m e n t e l  1 9 7 9 )  
1 2 .  C o r n  y i e l d  
( 1 9 . 5  E6 k c a l / h a )  ( 4 1 8 6  J / k c a l )  = 8 . 0 2  E l 0  J / y  
ETR: sum of i n p u t s  i n  S E J  
o u t p u t  J 
ETR = ( 5 4 9  E l 2  SEJ /y)  = 6 - 8 9  E,, J/y 
( 8 . 0 2  E l 0  J / y )  
Footnotes to Table A9b continued 
13. Corn stalks 
2 times corn yield 

APPENDIX A10: NEW ZEALAND PLANATION WOOD 
With f a v o r a b l e  combination r a i n f a l l  and fohn winds 
augmented w i th  f e r t i l i z e r ,  monterrey  p i n e  (P inus  r a d i a t a )  growing 
a s  an e x o t i c  i n  New Zealand p l a n t a t i o n s  e x h i b i t s  one o f  t h e  
f a s t e s t  commercial t imber  growth r a t e s .  Tab le  A10 and ~ i g u r e  A10 
c o n t a i n  energy e v a l u a t i o n s  o f  i n p u t s  and y i e l d s .  
Harvest - Transport- 
Service a
Market .+.go 
F i g u r e  A10. Energy d iagram of monterrey  p i n e  
c u l t i v a t i o n  i n  New Zealand.  
T a b l e  A10. R a d i a t a  P i n e  p l a n t a t i o n s  i n  N e w  Zea land ,  1  h a .  
Foot- 
n o t e  Item 




S o l a r  Energy 
El2 SEJ/y 
~ - - -  
1 D i r e c t  sun 
2 Rain u s e d ,  e v a p o t r a n s p i r e d  3.16 E l 0  1 . 6 1  E4 525. 
3 Phosphate added 4.84 E6 4.4 E7 213. 
4 F u e l  i n  s i t e  p r e p a r a t i o n ,  
s e e d l i n g s  h a r v e s t  and 
t r a n s p o r t  1 .79  E8 6 , 6  E4 1 1 . 8  
5 S e r v i c e s  i n  1978 $57 - 4.6 E12/$ 262. 
6 Y i e l d  p r o r a t e d  o v e r  24 y 1 . 5 0 7 E l l  6 . 7 E 3  1012. 
F o o t n o t e s  f o r  T a b l e  A10 
1 .  C o s t s  f o r  1978 s u p p l i e d  by D . J .  Mead; mean i n s o l a t i o n  
333.65 l y / d  ( L i s l e  1960)  
2. Rain  u s e d ,  (2 .06  m r a i n  - 1.42  m r u n o f f )  Toebes (1972)  
3 .  P h o s p h a t e ,  2  ~ / H a / 2 4  y ;  ETR from Appendix 6 ;  
4 .  L i q u i d  F u e l s  u s e d ;  u n i t  r a t e s  f rom N e w  Zea land  M i n i s t r y  o f  
F o r e s t r y  (1981)  p e r  m 3  wood; l o  g i n g ,  52 E6 J / m 3 ;  t r a n s p o r t  
130 E6 J / m 3 ;  l o a d i n g ,  33 E6 J / m  4 
5.  S e r v i c e s  i n  1978 N2 $; Data  s u p p l i e d  by D . J .  Mead f o r  1978 
f e r t i l i z e r ,  $205; r o a d s ,  $73; l a n d  p r e p a r a t i o n ,  $60;  
p l a n t i n g ,  $60;  s t o c k ,  $33;  r e s t o c k ,  $20;  f i r s t  t h i n n i n g ,  $60; 
second t h i n n i n g ,  $45;  a d m i n i s t r a t i o n ,  $480; c u t t i n g  and  r o a d s ,  
$334; t o t a l  $1364/Ha/24/yrs;  $57/ha/y.  
F o o t n o t e s  t o  T a b l e  A10 c o n t i n u e d  
F o r  p l a n t i n g  a n d  f e r t i l i z i n g  o n l y  
( $ 1 0 3 6 / 2 4  y )  ( 4 . 6  E l 2  S E J / $ )  = 1 9 9  E l 2  S E J / y  
6 .  Yield  1 0  T  d r y / H a / g  w h e n  averaged over 2 4  y e a r s  c u t t i n g  c y c l e ;  
3 . 6  k c a l / g  dry  
( 1 0  T / H a / y )  ( 1  E6  g / T )  ( 3 . 6  k c a l / g )  ( 4 1 8 6  J / k c a l )  = 1 . 5 0 7  E l l  J / y  
H a r v e s t e d  w o o d  
ETR ( 5 2 5  + 2 1 3  + 2 6 2  1 2 )  E 1 2  SEJ /y  = 6 7 2 0  S E J / ~  wood ( 1 . 5 0 6  E l l  J w o o d / y )  
Wood s t i l l  s t a n d i n g  ( n o t  i n c l u d i n g  harves t  - see f o o t n o t e  5 )  
ETR = (525 + 2 1 3  + E 1 2  SEJ/y  = 6 2 2 1 / ~ ~ ~ / ~  wood 1 . 5 0 6  E l l  J w o o d  
APPENDIX A l l :  SHEEP PRODUCTION I N  NEW ZEALAND 
Data from N e w  Zealand s o u r c e s  were used  t o  e v a l u a t e  a 
t y p i c a l  h e c t a r e  of  i n t e n s i v e  sheep p r o d u c t i o n  g e n e r a t i n g  wool and 
meat  p r o d u c t s  and u t i l i z i n g  phosphate  f e r t i l i z e r  and d i r e c t  and 
i n d i r e c t  f u e l s  i n  machines .  Some government s u b s i d i e s  w e r e  
i n c l u d e d .  The sys tem i s  summarized i n  F i g u r e  Al l  and c a l c u l a t i o n s  
a r e  g i v e n  i n  Tab le  Al l  i n c l u d i n g  e s t i m a t i o n  of  ene rgy  t r ans fo rma-  
t i o n  r a t i o s  f o r  wool and meat  ( F o o t n o t e s  8 and 9 t o  Tab le  A l l ) .  

Table All. Energy flows in New Zealand sheep production 
per hectare. 
Foot- 
n o t e  I tern 
Ac tua l  Embodied 
Energy ETR S o l a r  Energy 
J/Y SE J/ J E l 3  SEJ/y 
D i r e c t  s o l a r  energy 3.6 E l 3  1 3.7 
Rain used ,  e v a p o t r a n s p i r e d  3 .0  E l 0  1 .54 E4 46.2 
Phosphate  a p p l i e d  1 .67 E7 4.4 E7 72.2 
S e r v i c e s  i n  1978 $ $334 2.37 E12/$ 79.1  
Subsidy on f e r t i l i z e r ,  1978 $ $13 2.39 E12/$ 3 . 1  
Fue l  used 2.29 E9 6.6 E4 1 5 . 1  
E l e c t r i c i t y  used 0.096 E9 1 . 5 9 E 5  1 . 5  
Wool produced 5 . 6 5 E 8  3 . 8 4 E 6  217. 
Meat produced 1.27 E9 1 . 7 1  E6 217. 
Footnotes to Table All 
1 .  Direct solar energy, Lisle (1960) 
(4.6 E9 ~ / m ~ / ~ )  (1 E4 m2/~a) (0.80 absorbed) 
= 36.8 El2 SEJ/ha/y 
2. Rain 
0.6 m of rain evapotranspired; Gibbs free energy in rain 
relative to salty leaf potentials, 5 J/g (motnote 6 in 
Table 3.1). 
3. Phosphate 
Application, 5.0 E4 g/ha/g; aqueous concentration 1 mg/l 
relative to soil waters, O.Ol/mg/l. 
Gibbs free energy/g = 8.33 (J/mole/deg) (300 ) Loge (1) 
(35 g/mole P) (.01) 
Footnotes to Table All continued 
4. Services 
Money spent plus subsidies, 1978 dollars 
(5 sheep/ha) (5.4 kg wool/sheep) ($2.20/kg wool) 
= $59.4/ha/y for wool 
(5 sheep/ha) (55 kg meat/sheep) ($l/kg meat) 
5. Fertilizer subsidies, N.Z. Yearbook (1981) 
In 1980 $63 E6 subsidy; 4.83 E6 ha fertilized 
($63 E6/y) = 13.0 $/Ha/y (4.83 E6 ha) 
6. Fuel use 
Transport and distribution of fertilizer (Pimentel and 
Pimentel 1979 quoting Lockeretz 1978) 1.5 E3 kcal/kg P. 
6,7. Mean energy input to livestock production on 20 farms 
in New Zealand (McChesney, Bubb, and Pearson 1978) 
.229 E9 J/Ha/y fuel use direct and indirect 
5.5 E9 J elect./Ha/y electric use. 
8. Wool Produced 
(5 sheep/ha) (5.4 kg wool/sheep) = 27.0 kg wool 
(27.0 kg wool) (5 kcal/g) (1 E3 g/kg) (4186 J/g) = 5.65 E8 J/Ha/y 
ETR = 
Foonotes to Table A l l  continued 
9 .  Meat produced 
( 5  sheep/ha/y) ( 5 5  kg meat/sheep) = 2 7 5  kg meat 
( 2 7 5  kg meat) ( 0 . 2 2  protein) ( 5  kcal/g) ( 1  E 3  g/kg) ( 4 1  8 6  ~/kcal) 
= 1 . 2 7  E9 J/ha/g 
ETR = ( 4 2 . 6  + 7 2 . 2  + 7 9 . 1  + 3 .1  + 1 5 . 1  + 1 . 5 ) E 1 3  J/y 
1 . 2 7  E9  J/y 
APPENDIX A 1 2 :  ALUMINUM IJlANUFACTURE 
The Bluff  Aluminum p l a n t  i n  sou thern  New Zealand uses  hydro- 
e l e c t r i c  power of a  mountain l ake  t o  conver t  imported baux i t e  i n t o  
aluminum i n g o t s  t h a t  were s o l d  abroad. An energy a n a l y s i s  of t h i s  
system provides  p e r s p e c t i v e s  and t r ans fo rma t ion  r a t i o s  on aluminum. 
F i g u r e  A 1 2 .  Energy f lows f o r  t h e  Bluss  
aluminum smelter i n  Southern  
N e w  Zealand.  
Table A12. Energy flows in Aluminum manufacture. 
Foo t -  
n o t e  I tern 
A c t u a l  Embodied 
Ene rgy  ETR S o l a r  Ene rgy  
J/Y SEJ/J  20 SEJ/y 
1 E l e c t r i c i t y  u s e  9 . 2 4 E 1 5  1 . 5 9 E 5  14 .7  
2 B a u x i t e  u s e  2.10 E l 3  1 .32  E7 2 . 8  
3 S e r v i c e s  i n  o r e ,  $5 .0  E7/y - 1.85 E12/$ 0 .92  
4 S e r v i c e s  i n  p l a n t  $ 2 . 3 1  E8/y - 1.85 E12/$ 4.27 
5 F u e l  u s e  3.57 E l 5  6 .6  E4 2 .36  
6 Aluminum p r o d u c e d  1 .54  E l l  g / y  - 1 . 6 3  ~ l O / g  25 .1  
Footnotes for Table A12 
Data from van Moeseke (1981) for 1979 
1. Electricity use 
2.781 El2 watt hours/y; load factor 0.923. 
(2.731 El 2 wh) (3600 see/h) (1 J/see/w) (0.923) 
= 9.24 El5 J/y 
2. Bauxite use 
N . Z .  Yearbook(l981), 3.21 E5 ~ / y  in 1979. 
(3.21 E5 T/y) (65.3 J/g) (1 E6 g/T) = 2.10 El3 J/y 
3. Services in cost of ore 
N . Z .  Yearbook(l981) 
($5.00 E7/y)/(3.21 E5 T/y) = $156/T 
4. Total costs of plant, debt, maintenance 
(1.54 E5 T/y) ($1500/T(1979 U . S . ) )  = $2.31 E8/y 
F o o t n o t e s  t o  T a b l e  A12 c o n t i n u e d  
5 .  F u e l  u s e  
v a n  M o e s e k e  ( 1 9 8 1 ) ,  0 . 5  T  o i l / T .  
( 0 . 5  T  o i l / T )  ( 1 . 5 4  E 5  T / y )  ( 4 6 . 3  E9  J / T  o i l )  = 3 . 5 7  E l 5  J / y  
6 .  A l u minum p r o d u c e d  ( 1 9 7 9 )  
( 1 . 5 4  E 5 , T / y )  ( 1  E6 g / T )  = 1 . 5 4  E l l  g / y  
ETR - 
- 
( 1 4 . 7  + 2 . 8  + 2 . 4  + 5 . 2 ) E 2 0  S E J / y  
P e r  g 1 . 5 4  E l l  g A l / y  
G i s e l a  Bosch 
International Institute for Applied 
Systems Analysis, Laxenburg, Austria 
APPENDIX A13: SOLAR EQUIVALENTS OF RAW AND REFINED 
I R O N ,  STEEL, AND END-PRODUCTS 
I r o n  i s  a  v e r y  h i g h  q u a l i t y  r e s o u r c e  because  it w a s  f i r s t  
c o n c e n t r a t e d  by g e o l o g i c a l  p r o c e s s e s ,  and t h e n  it h a s  t o  be mined 
and p r o c e s s e d .  
Data are assembled h e r e  f o r  p r o c e s s i n g  of  i r o n - o r e  and manu- 
f a c t u r e  o f  s t e e l  and machinery p r o d u c t s  i n  West Germany. F o r  t h e  
c a l c u l a t i o n  of t h e  energy  t r a n s f o r m a t i o n  r a t i o s  o f  t h e  v a r i o u s  
i r o n  p r o d u c t s  t h e  embodied energy  of  i r o n - o r e  (Tab le  3 .1)  w a s  
combined w i t h  t h e  i n p u t s  of  t r a n s p o r t a t i o n ,  f o s s i l  f u e l  and wages 
( F i g u r e  A1 3a and Tab le  A13b) . 
A s  shown i n  Tab le  A13 Footnote  9 and 1 0 ,  i n  comparison t o  t h e  
embodied energy  of  t h e  money p a i d ,  t h e  embodied e n e r g i e s  o f  1 )  r a w  
i r o n  and s t e e l ,  2 )  r e f i n e d  i r o n  and s tee l  and 3)  end p r o d u c t s  a r e  
1.74, 3.0,  6.0 t i m e s  h i g h e r  r e s p e c t i v e l y .  
F i g u r e  A13c shows t h e  a c t u a l  ene rgy  f l o w  and F i g u r e  A13d 
shows t h e  tonnage f low.  I n  b o t h  diagrams t h e r e  i s  a  b i g  gap 
between t h e  i n p u t  and o u t p u t  i n  raw i r o n  and s tee l  p r o d u c t i o n .  
T h i s  means t h a t  t h e r e  must be a  feedback l o o p  th rough  which a 
s i g n i f i c a n t  amount of s c r a p  i r o n  i s  r e c y c l e d .  No d a t a  was found 
abou t  such an i n t e r n a l  feedback loop .  The impor t  and e x p o r t  of  
s c r a p  i r o n ,  1 . 6  E 6  T and 3 . 0  E 6  T r e s p e c t i v e l y ,  n e i t h e r  of which 
is  very  s i g n i f i c a n t ,  g i v e  an  incomple te  p i c t u r e .  Should s c r a p  
i r o n  b e  i n c l u d e d  i n  any f u t u r e  r e v i s i o n ,  c a u t i o n  s h o u l d  b e  e x e r -  
c i s e d  t o  a v o i d  doub le  c o u n t i n g .  
Table A13. Energy flow in the West German processing of iron, 
steel and end product subsystem (see Figure A13). 
Foot- 
no te  Item 
Actual  Embodied 
Un i t s  p e r  Energy ETR S o l a r  Energy 
yea r  (y )  J/Y SEJ/Y E22 SEJ/Y 
1 I ron -o re  impor t  
2  T r a n s p o r t a t i o n  - 7.49 E l6  5 .3  E4 0.40 
3  ' F o s s i l  F u e l  f o r  raw 
i r o n .  & s t e e l  p roduc t ion  - 
4  Wages f o r  t h e  raw i r o n  
and s t e e l  p roduc t ion  4.9 E9 $ - 3.0 El2  1 .47  
SEJ/$ 
5  . F o s s i l  f u e l  f o r  t h e  
i r o n  & s t e e l  p roduc t ion  - 
6  Wages f o r  t h e  i r o n  & 
steel r e f inemen t  4 . 5  E9 $ 
7  . F o s s i l  f u e l  f o r  t h e  
p roduc t ion  of t h e  
end-produc t - 
0 Wages f o r  t h e  p roduc t ion  
of  t h e  end-product  35.67 E9 $ 
9  Payment t o t a l  r e c e i v e d  
f o r  raw i r o n  & s t e e l  . 2.2 E l 0  $ 
f o r  r e f i n e d  i r o n  & s t e e l  1 . 4  E l 0  $ 
f o r  end-products  1 3 . 1  E l 0  $ - a, I, 9  .82 
10 T o t a l  p r o d u c t i o n  of 
raw i r o n  & s t e e l  l 2 - 6  E7 t 11.4 ~ 1 5  1 .01  E7 10.7  
r e f i n e d  i r o n  & s t e e l  7 .6  E7 t 6.87 E l 5  1 .84  E7 11 .7  
end-products  3.8 X7 t 3.4 El5  6.94 E7 15.6 
Footnotes to Table A13 
1 .  Iron-ore imported 
Iron-ore imported (1979) (Jahrbuch f. Bergbau 1982/83) : 
4.9 E7 T/y 
Free energy (extrapolated from Gilliland 1978) : 
33.7E6 J/TFe-ore 
F o o t n o t e s  t o  T a b l e  A13 c o n t i n u e d  
2. T r a n s p o r t a t i o n  
Weigh ted  d i s t a n c e :  
i m p o r t  
X c o n t i n e n t s  
d i s t a n c e  
km 
w e i g h t e d  d i s t a n c e  
kin 
EG 
rest o f  Eu rope  
Amer ica  & A f r i c a  
I r o n - o r e  i m p o r t e d  (1979 )  ( J a h r b u c h  f .  Bergbau  1982/83)  
Eu rope  1 . 6 2  E7 T/y 
Amer ica  a n d  A f r i c a  3 .28  E7 T/y 
Ene rgy  r e q u i r e m e n t  f o r  t r a n s p o r t a t i o n  ( F l u c k  1980)  
- by r a i l r o a d  0 .54 E6 J / t / km 
- by b o a t  0 .37  E6 J / t / km 
ETR ( o i l )  : 5 . 3  E4 SEJ /J  ( T a b l e  3 . 1 .  ) 
(5850 km) ( 3 . 2 8  E7 T/y)  ( 0 . 3 7  E6 J / t / km)  = 7.10 El 6  J / y  
7 .49 E l 6  J / y  
- T o i l  u s e d  by t r a n s p o r t a t i o n  
3 .  F o s s i l  f u e l  f o r  r a w  i r o n  a n d  s t e e l  ( 1 9 7 9 ) ( S t a t .  J a h r b u c h  f .  
FRG 1981)  
e l e c t r i c i t y  u s e d :  20580 E6 kwh/y 
g a s  u s e d :  6 .9  E9 m3/y 
c o a l  u s e d :  19674 E3 ~ / y  
o i l  u s e d :  2367 E3 T/y 
F o o t n o t e s  t o  T a b l e  A13 c o n t i n u e d  
A c t u a l  e n e r g y  
e l e c t r i c i t y :  3 . 6  E6 J /kwh  ( T a b l e  2 . 1  . ) 
g a s :  3 5 . 1 6 9  E 3  ~ / m ~  ( S t a t .  J a h r b u c h  f .  FRG 1 9 8 1 )  
coal:  3 . 1 8  E l 0  J / T  ( T a b l e  2 . 1 . )  
o i l :  4 . 5  E l 0  J / T  ( T a b l e  2 . 1 . )  
ETR ( T a b l e  3 . 1  . ) 
e l e c t r i c i t y :  1 5 . 9  E4 S E J / J  
gas : 4 . 8  E4 S E J / J  
coal:  3 . 9 8  E4 S E J / J  
o i l :  5 . 3  E4 S E J / J  
E n b o d i e d  e n e r g y  
e l e c t r i c i t y :  2 0 5 8 0  E6 k w h / y ) ( 3 . 6  E6 ~ / k w h )  ( 1 5 . 9  E4 SEJ/J)  
3  gas: ( 6 . 9  E9 m  / y ) ( 3 5 1 6 9  E 3  ~ / m ~ ) ( 4 . 8  E4 S E J / J )  
coal:  ( 1 9 6 7 4  E 3  T / y )  ( 3 . 1 8  E l 0  J / T )  ( 3 . 9 8  E4 S E J / J )  
o i l :  ( 2 3 6 7  E 3  T / y )  ( 4 . 5  E l 0  J / T )  ( 5 . 3  ~4  S E J / J )  
4 .  Wages f o r  t h e  r a w  i r o n  a n d  s t e e l  p r o d u c t i o n  
Wages paid  ( 1 9 7 9 ) ( S t a t .  J a h r b u c h  f .  FRG 1 9 8 1 )  9 . 7  E9 DM 
$/DM - r a t i o  ( 1 9 8 0 )  (UN S t a t .  Y e a r b o o k  1 9 7 9 / 8 0 )  1 . 9 5 9  DM/$ 
Wages pa id  ( 1 9 7 9 1 ,  4 . 9  E9 $ /Y 
F o o t n o t e s  t o  T a b l e  A13 c o n t i n u e d .  
E n e r g y / $ - r a t i o  f o r  FRG ( T a b l e  1 1 . 3 ) :  3 .00 E l 2  SEJ/$ 
embodied e n e r g y  i n  wages: 
(wages p a i d )  (FRG e n e r g y / $ )  
(4 .9  E9 $ / y ) ( 3 . 0 0  E l2  SEJ/$) = 1.47 E22 SEJ/y 
5 .  F o s s i l  F u e l  f o r  t h e  i r o n  and s tee l  r e f i n e m e n t  
( 1 9 7 9 ) ( S t a t .  J a h r b u c h  f .  FRG 1981) 
e l e c t r i c i t y  used :  5449 E6 kwh/y 
g a s  used :  688 E6 m3/y 
c o a l  u sed :  851 E3 ~ / y  
o i l  u sed :  483 E3 ~ / y  
A c t u a l  ene rgy  and  ETR: F o o t n o t e  3  
Embodied ene rgy :  
e l e c t r i c i t y :  (5449 E6 kwh/y ) (3 .6  E6 J/kwh) (15 .9  E4 SEJ/J )  
g a s :  (688 E6 m3/y)  (35169 E3 ~ / m ~ )  ( 4 . 8  ~4  SEJ/J)  
c o a l :  (851 E3 T/y) (3 .18  E l 0  J/T) (3 .98  E4 SEJ/J) 
6 .  Wages f o r  t h e  i r o n  and  s t e e l  r e f i n e m e n t  
wages p a i d  ( 1 9 7 9 ) ( S t a t .  J a h r b u c h  f .  FRG 1981)  8 .9  E9 D M / ~  
DM/$ r a t i o  (1980)  (UN S t a t .  Yearbook 1979/80) 1 .959 DM/$ 
F o o t n o t e s  t o  T a b l e  A13 c o n t i n u e d .  
wages p a i d  (1979)  
e n e r g y / $ - r a t i o :  F o o t n o t e  4 
embodied e n e r g y  i n  wages: 
(wages p a i d )  (FRG ene rgy /$  r a t i o )  : 
( 4 . 5  E9 $/y)  (3 .00  E l 2  SEJ/$)  = 1.35 E22 SEJ/y 
7. F o s s i l  f u e l  f o r  t h e  p r o d u c t i o n  o f  t h e  end-p roduc t  ( 1 9 7 9 ) ( S t a t .  
J a h r b u c h  f .  FRG 1981)  
e l e c t r i c i t y  used :  14846 E6 kwh/y 
g a s  u s e d :  3  843 E 6  m /y  
c o a l  u sed :  206 E3 T/y 
o i l  u sed :  11 13 E3 T/y 
A c t u a l  e n e r g y  and  ETR: F o o t n o t e  3  
Embodied e n e r g y :  
e l e c t r i c i t y :  ( 1  4846 E6 kwh/y) ( 3 . 6  E 6  J/kwh) (1 5 . 9  E4 SEJ/J )  
= 8 . 5  E21 SEJ/y 
g a s :  (843 E6 m3/y)  (35169 E3 ~ / m ~ )  ( 4 . 8  E4 SEJ/J )  
= 1 . 4  E21 SEJ/y 
c o a l :  (206 E3 T/y) (3 .18  E l0  J / T )  (3 .98  E4 SEJ/J )  
= 0 . 3  E21 SEJ/y 
o i l :  (1113 E3 T/y)  ( 4 . 5  E l 0  J / T )  ( 5 . 3  E4 SEJ / J )  
8 .  Wages f o r  t h e  p r o d u c t i o n  of  end-p roduc t  
wages p a i d  ( 1 9 7 9 ) ( S t a t .  J a h r b u c h  f .  FRG 1981)  6 .99 El0 DM/y 
DM/$ r a t i o  (1980)  (UN Yearbook 1979/80)  1 .959  DM/$ 
F o o t n o t e s  t o  T a b l e  A1 3 c o n t i n u e d  
wages p a i d  (1979)  
ene rgy /$  r a t i o :  F o o t n o t e  4 
embodied e n e r g y  i n  wages:  
(wages p a i d )  (FRG e n e r g y / $  r a t i o )  = 
(3 .57  E l 0  $ /y )  ( 3 . 0 0  ~ 1 2 s E J / $ )  = 1 0 . 7  E22 SEJ/y 
9 .  F i g u r e s :  1978 ,  ( S t a t .  J a h r b u c h  f .  FRG 1981)  
10.  F i n a l  F i g u r e s  f o r  p r o d u c e d  
r a w  i r o n  a n d  s tee l :  
- a c t u a l  e n e r g y  
r a w  i r o n  a n d  s tee l  p r o d u c t i o n  (1979)  ( S t a t .  J a h r b u c h  f .  FRG 
1981)  12 .6  E7 T/y 
F r e e  e n e r g y  ( e x t r a p o l a t e d  f rom ~ i l l i l a n d  1978)  90 .4  E6 J 
(12 .6  E7 T/y) (90 .4  E6 J /TFe)  = 1 . 1 4  E l 6  J / y  
-Embodied e n e r g y  o f  r a w  i r o n  and  s teel  ( F o o t n o t e s  1 , 2 , 3 , 4 )  
embodied e n e r g y  o f  i r o n  o r e  : 4 . 3  E22 SEJ/y 
embodied e n e r g y  o f  t r a n s p o r t a t i o n :  0.q E22 SEJ/y 
embodied e n e r g y  o f  f o s s i l  f u e l  : 5 .36  E22 SEJ/y 
embodied e n e r g y  i n  l a b o r  : 1 . 4 7  E22 SEJ/y 
11.53 E22 SEJ/y 
ETR o f  r a w  i r o n  and  s tee l  
embodied e n e r g y  
a c t u a l  e n e r g y  
r e f i n e d  i r o n  and  s t e e l  
-438- 
F o o t n o t e s  t o  T a b l e  A13 c o n t i n u e d  
- a c t u a l  e n e r g y  
r e f i n e d  i r o n  and  s t e e l  p r o d u c t i o n  (1979)  ( S t a t .  J a h r b u c h  f .  
FRG 1981)  76 E6 T/y 
F r e e  e n e r g y  ( e x t r a p o l a t e d  f .  ~ i l l i l a n d  1978)  90 .4  E6 J 
(76  E6 T/y) (90 .4  E6 J / T ~ , )  = 6.87 ~ 1 . 5  J / y  
-embodied e n e r g y  o f  r e f i n e d  i r o n  and s tee l  ( F o o t n o t e s  5 ,  6 )  
embodied e n e r g y  o f  raw i r o n  and  s t e e l :  10.64 E22 SEJ/y 
embodied e n e r g y  o f  f o s s i l  f u e l  : 0.65  E22 SEJ/y 
embodied e n e r g y  i n  l a b o r  : 1 .35  E22 SEJ/y 
12.64 E22 SEJ/y 
ETR o f  r e f i n e d  i r o n  and  s t ee l  
embodied e n e r g y  
a c t u a l  e n e r g y  
e n d - p r o d u c t s  
- a c t u a l  e n e r g y  
end-p roduc t  p r o d u c t i o n  (1979 ) ( S t a t .  J a h r b u c h  f .  FRG 1981 
38 E6 T/y 
F r e e  e n e r g y  ( e x t r a p o l a t e d  f .  G i l l i l a n d 1 9 7 8 )  90 .4  E6 J 
- Embodied e n e r g y  o f  t h e  e n d - p r o d u c t s  ( F o o t n o t e s  7 ,  8 )  
embodied e n e r g y  o f  r e f i n e d  i r o n  and  s tee l :  1 1 . 6 3  E22 SEJ/y 
embodied e n e r g y  o f  f o s s i l  f u e l  : 1.27  E22 SEJ/y 
embodied e n e r g y  i n  l a b o r  
ETR o f  t h e  e n d - p r o d u c t  
embodied e n e r g y  
a c t u a l  e n e r g y  
Figure A12. Energy diagram of aluminum 
production and export in 
New Zealand. 
-  
- Energy: E22 SEJly 
€10 $ly 
Figure A13a. Energy diagram of iron and steel production in 
West Germany. 
Raw and refined 






Production from economy 
Feare -+ 
machines 
YIF = 1.59 - net energy yield ratio 
FII  = 1.68 - investment ratio 
ETR = 1.08 €7 SEJly (see Table A131 
YIF = 1.48 
FII = 2.15 
ETR = 1.97 €7 SEJly (see Table A131 
YIF =1.22 
FII  = 4.46 
ETR = 7.5 €7 SEJly . e Table A131 
Figure A13b. Summary diagrams of ferrous industries 











APPENDIX A1 4 : HURRICANE WINDS 
The passage of hurricanes over an area introduces a sharp 
impact of high quality, high velocity winds doing mechanical 
work on the vegetation and surface. An energy transformation 
ratio may be estimated from the fraction that hurricane wind 
energy is transferred to the surface. See Figure A14 and Table 
A14. Since land processes may not be necessary to hurricanes 
only solar fraction of global solar equivalents driving the 









€18 J I ~  
Figure A14. Energy diagram of hurricane 
production in meteorological 
systems. 
Table A14. Energy transfers in hurricane wind work on the surface 
from one episode. 
Embodied 
Actual  S o l a r  
Foot- energy ETR Equiva len ts  
no te  I tem J/Y SEJ/J E24 SEJ 
1 Energy flow through hu r r i canes  3.21 E21 1.224 E3 3.93 
2 K ine t i c  energy i n  hu r r i canes  9.63 El9 4.08 E4 3.93 
3 K ine t i c  energy used by su r f ace  
system 9.63 El8 4.08 E4 
Footnotes to Table A14 
ETR's based on total solar energy, 3.93 E24 J/y operating 
biosphere (Appendix Al) . 
1. Energy flow through hurricanes 
7.67 El7 kcal/y given by Riehl (1979) for global hurricanes 
(7.67 El7 kcal/y) (4186 J/kcal) = 3.21 E21 ~ / y  
(3.93 E24 SEJ/~) 
ETR = (3.21 E21 hurricane J/y) = 1.22q E3 SEJ/J hurricane energy 
2. Kinetic energy in hurricanes 
Riehl (1979) gives 3% as fraction of hurricane energy as 
kinetic energy. 3% of 3.21 E21 ~ / y  above = 9.63 ~ 1 9  ~ / y  
ETR = (3.93 E24 SEJ/y (9.63 El9 J wind/y = 4.08 E4 SEJ/J 
3. Kinetic energy used by Surface system 
10% of kinetic energy of hurricane dissipated in surface zone 
within system boundaries 
Energy quality (ETR) is the same since the wind category 
is the same, only being divided. 
APPENDIX A15: POTASSIUM CHLORIDE FROM 
THE DEAD SEA WORKS 
Through the courtesy of Gerald Stanhill and H. ~hekhter 
providing data on the potassium works on the Dead Sea in Israel, 
energy evaluations are included here to provide a solar energy 
transformation ratio for potash. Jordan River water passing 
through the northern Dead Sea and then into evaporation ponds, 
increases in salinity and finally is purified by industrial 
plants involving power, steam and fresh water. 
Most of the energy is supplied by the sun. See Figure A15 
and calculations In Table A15. The calculation was made for 
river water required for steady state potash production, although 
the situation at present is actually one of mining the stored 
salt in Dead Sea water faster than it is being replaced. 

T a b l e  A15.  E n e r g y  e v a l u a t i o n  of p o t a s h  p r o d u c t i o n  from t h e  
Dead S e a  w o r k s ,  1980-81 .  
Foot- 





So la r  
Energy 
E20 SEJ/y 
1 S o l a r  energy evapora t ing  
water 
2. Energy con t r ibu t ion  from 
d r y  a i r  
3 .  Fresh water used i n  works 
4. Fuel  used 
5. E l e c t r i c i t y  used 
6. Se rv i ce s ,  f i n a n c e s ,  
r o y a l t y  129 E6 US$ 
7.  Water flow energy 
8. Energy i n  r e f i n e d  Potash 
F o o t n o t e s  f o r  T a b l e  A15 
1 .  S o l a r  e n e r g y  e v a p o r a t i n g  w a t e r  
Water e v a p o r a t i o n  estimated f o r  0 . 8 3  E6 T  K/y ( 0 . 5 2  of 
1 . 6  T KCl/y w h e r e  i n i t i a l  w a t e r  w i t h  1 3  g/m3 K .  
3  ( 0 . 8 3  E 6  K / ~ ) ( !  E 6  g 
= 0 . 8 3  E l l  m / y  r i v e r  ( 1 0  g K/md r i v e r  w a t e r )  
e v a p o r a t i o n  i n  n o r t h  b a s i n ,  1 3 8 4  m / y ;  s u n l i g h t  a b s o r b e d  
( 7 . 1  6 - 0 . 4 7  a l b e d o )  E9 ~ / m ~ / y  ; e v a p o r a t i o n  f r o m  p o n d s ,  1 0 0 0 m / y .  
S o l a r  e n e r g y  p e r  u n i t  w a t e r :  
( 6 . 6 9  E9 ~ / m ~ / y )  
= 4834  so l a r  J/g w a t e r  e v a p o r a t e d  
( 1 . 3 8 4  E6 g /m2/y)  
( 6 . 6 9  E9 ~ / m ~ / y )  
= 6 6 9 0  s o l a r  J /g  w a t e r  e v a p o r a t e d  
( 1  . 0  E6 g/m2/y)  
mean :  5 7 6 2  S J / ~  w a t e r  e v a p o r a t e d  
3  3  ( 0 . 8 3  E l l  m r i v e r  w a t e r )  ( 1  E6 g / m  ) ( 5 7 6 2  S E J / g )  = 4 . 7 8  E20 J / y  
F o o t n o t e s  t o  T a b l e  A15 c o n t i n u e d  
2. Energy c o n t r i b u t i o n  from d r y  a i r  
For  a w a t e r  vapor  p r e s s u r e  o f  a b o u t  20 mb, measurements 
o f  vapor  p r e s s u r e  d i f f e r e n c e  were 14.8 mb 
Gibbs f r e e  ene rgy  o f  w a t e r  e v a p o r a t e d  by t h i s  d i f f e r e n t i a l  
= (8 .33  J/Mole/deg) (305 deg.C) Log (20 + 14 .8 )  
(18  g/mole) = 54 J /g  (20)  
(0 .83  E l7  g w a t e r )  (54 ~ / g )  = 4.48 E l 8  J /Y  
3. F r e s h  w a t e r  used  i n  works 
(21 .5  E6 m 3 / ~ )  (1  E6 cm3/m3) (1 .1 g/cm3 b r i n e )  ( G )  
= 7.66 E l 5  J / y  where 
G = (8.33 J /Mole/deg.)  (305 deg.  C )  (999900) - 
( I O O O O O )  - (18 g/mole) 
4 .  F u e l  u s e  
(1 60 T s t eam/hr )  (70 kg f u e l / T  s team)  ( 4 4  E6 J /kg  f u e l )  
= 4.32 E l 5  J / y  
5 .  E l e c t r i c i t y  u s e  
1 /3  of 42 MW u s e d  by p o t a s h ,  c h l o r i n e ,  and bromine p l a n t s  
(1 4 E6 w a t t )  (1 J / w a t t / s )  (3.154 E7 s / y )  = 4.41 El 4 J / y  
6. S e r v i c e s ,  l a b o r ,  p l a n t  f i n a n c e ,  government r o y a l t y  
Exchange r a t e ,  second q u a r t e r ,  1981, 1026 IS/$US. 
1.116 E9 IS/y sales f o r  1.333 E6 T KC1 produced,  1980-81 
7. Water f low energy  
E l e v a t i o n  d r o p  th rough  Dead Sea sys tem assumed 5 m 
Footno tes  t o  Tab le  A15 co n t i nued  
8. Energy i n  p o t a sh  y i e l d  
F r e e  en e r g y ,  G = (8 .33  J/mole/deg) (305 deg)  
(39.1 g jmole)  (500000) 
(10 ppm) 
ETR f o r  n a t u r a l  c o n c e n t r a t i o n  b e f o r e  e n t e r i n g  p u r i f i c a t i o n  
p l a n t  
Embodied energysum of  sun ,  wind and r i v e r  
(:.8 E 2 0  SEJ/y) = 1.52 E6 SEJ/J K i n  n a t u r a l  d e p o s i t s  0.58 E l 5  J / y )  
ETR f o r  r e f i n e d  KC1 based on a l l  i n p u t s  
Per  gram  KC^ 1 5 - 1 7  E20 SEJ/y = 9.5  E8 sEJ/g  KC^ 1 .6 El2 g/y 
APPENDIX A16: AMMONIUM-NITROGEN FERTILIZER 
Energy embodied in ammonia for fertilizer is estimated from 
its manufacture form nitrogen in the air using fuel. Embodied 
energy is calculated relative to the bioshphere. Consequently, 
atomosphere nitrogen is taken as base line and given zero energy. 
See Figure A16 and Table A16. 




Energy ETR Solar Energy 
J/Y SEJ/J El3 SEJ/y 
1 Fuel used 52.3 E9 6.6 E4 345. 
2 Services 
$128/T 
3 Ammonia yield 2.17 E9 1.69 E6 366. 
- - -  
F o o t n o t e s  t o  T a b l e  A1 6  
1. F u e l  u s e d  
5 2 . 3  E9 J c o a l / T  ( M u d a h a n  1 9 8 2 )  
2 .  S e r v i c e s  
$ 1 2 8 . T  1 9 8 0  US$ ( & h i n d e r  1 9 8 2 ) ;  
E n e r g y - d o l l a r  r a t i o  f r o m  A p p e n d i x  A4,  
3 .  Ammonia y i e l d  
Gibbs free e n e r g y ,  3 4 . 7  E 3  J/mole ( A n d e r s o n  1 9 8 0 )  
ETR: (.345 + 2 1 )  S E J / ~ )  = 1 - 6 9  E6 S E J / ~  2 . 1 7  E9 J NH3 
per g r a m  N ,  
1 Tonne of 
ammonium 
in air fertilizer 
producrion 2.17 €9 J NH, 
Figure  A 1 6 .  Energy diagram of 
ammonium f e r t i l i z e r  
production.  
APPENDIX A17: SUGAR CANE 
Data from Ricaud (1980) on L o u i s i a n a  s u g a r  cane  and n e t  
ene rgy  d a t a  on p r o c e s s i n g  s u g a r  t o  e t h a n o l  ( S l e s s e r  and L e w i s  
1979) were diagrammed i n  F i g u r e  A17 and e v a l u a t e d  i n  Tab le  A17. 
Energy t r a n s f o r m a t i o n  r a t i o s  were o b t a i n e d .  

T a b l e  A17.  E n e r g y  f l o w s  i n  o n e  h e c t a r e  of s u g a r  c a n e  p r o d u c t i o n  
i n  L o u i s i a n a  u s i n g  d a t a  f r o m  R i c a u d  ( 1 9 8 0 )  a n d  f u r t h e r  
p r o c e s s i n g  t o  e t h a n o l  ( S l e s s e r  a n d  L e w i s  1 9 7 9 ) .  
Foot- 
no te  Item 
Actual  Embodied 
energy ETR s o l a r  energy 
J/Y SEJ/J ~ 1 3  SEJ/Y 
D i r e c t  s o l a r  energy 




P e s t i c i d e  
D i r e c t  f u e l s  
Fuel i n  machinery 
Se rv i ce s  $662/Ha (1976) 
Sugar y i e l d  
Bagasse 
Fuel  use i n  sugar  
Se rv i ce s  
E l e c t r i c t i y  ( o i l  equiv.  ) 











9.7 El0  
1.36 E l l  
- 
1.19 E l l  J/y 
5.05 E l l  
F o o t n o t e s  f o r  T a b l e  A17 
1 .  Direct s u n  
( 1 . 5  E6 k c a l / m 2 / y )  ( 1  E4 m2 /ha )  ( 4 1  8 6  J / k c a l )  = 6 . 5  E l 3  ~ / y  
2 .  Water e v a p o t r a n s p i r e d  
1 8 7 0  mm, m e a n  of 5  v a l u e s  g i v e n  f o r  1 n d i a  ( R a o  1 9 7 5 )  
( 1 4 0 0 ,  1 5 0 0 , 1 7 5 0 ,  2 2 0 0 ,  2 5 0 0  mm/y) 
3 .  N i t r o g e n  1 5 9  k g  N as  a m m o n i a ;  2 1 7 0  ~ / g  
( 1 5 8  E3 g N )  ( 2 . 1 7  E3 J /g)  = 3 . 4 3  E8 ~ / y  
4 .  9 0  k g  K20 as  6 0 %  m u r i a t e  
( 7 8  1 9 4  K )  ( 9 0  k g  K20)  ( 7 0 2  J /g  K) ( 1  E 3  g / k g )  = 5 . 2 5  E7 J / y  
F o o t n o t e s  f o r  T a b l e  A17 c o n t i n u e d  
5.  45 kg  P20 as 46% t r i p l e  p h o s p h a t e  
( 4 5  E3 g ) ( 0 . 4 6 )  (348  J /g )  = 7.20 E6 J/Y 
6 .  P e s t i c i d e  
(8 .37 E5 k c a l  f u e l  / h a ) ( 4 1 8 6  J )  = 3 . 5  E9 ~ / y  
7.  Direct f u e l s  
(5 .14  E6 k c a l  m o t o r  f u e l s )  (41 86 J / k c a l )  
= 2 .15  E l 0  J / y  
8 .  F u e l s  i n  m a c h i n e r y  
5 .46  E5 k c a l  f u e l  e q u i v a l e n t  / h a  
(5 .46 E5 k c a l / y )  (4186  J / k c a l )  = 2 .28  E9 J / y  
9 .  S e r v i c e s  i n  c a n e  p r o d u c t i o n  
1976:  $86 E6 on  1 . 3  E5 h a  
$86 E6/1.3 E5 h a  = $662/ha 
c ,  t h e  c o r r e c t i o n  f o r  c o n t r i b u t i o n  o f  s u g a r  t o  e n e r g y / d o l l a r  
r a t i o  i s  o n l y  0 .2% 
s u g a r  u s e  
C = - (9 .77  El 2  g / y )  (4.kcal/g)('4 1  86 ~ / k c a l )  U.S. n a t i o n a l  e n e r g y  u s e  4 .79  E24 SEJ/y 
= 1 .64  El 7  J / y  
4 .79 E24 SEJ/y 
P  = e n e r g y / $  r a t i o ,  U.S. ,  1976 = 2.82 E l 2  J / $  
F o r  s u g a r ,  u s e  (P-C) 
10 .  S u g a r  y i e l d  
(1 .75  E7 k c a l / y )  (4186  J / k c a l )  = 7 .33  E l 0  J / y  
ETR = = 8.39 E4 SEJ / J  s u g a r  
F o o t n o t e s  f o r  T a b l e  A17 c o n t i n u e d  
1 1 .  C a n e  bagasse 
( 6 2 . 5  T / h a )  - ( 7 5  k g   sugar/^) ( 6 2 . 5   s ha) ( 1  E-3 ~ / k g )  
( 5 7 . 8 1  T )  ( 0 . 1 0  d r y )  ( 4  E6 k c a l / T )  ( 4 1 8 6  J / k c a l )  = 9 . 6 8  E l 0  J / y  
ETR: ( 1 3 8  + 5 8  + 1 4  + 3 0  + 2 4  + 1 4 2  + 1 8 6 1 E 1 3  = 6 . 1 1  E4 SEJ/J 9 . 7  E l 0  ~ / y  
1 2 .  F u e l  u s e  i n  s u g a r  a n d  e t h a n o l  p r o c e s s i n g  
8  E6 J o i l / y / k g  ( S l e s s e r  a n d  L e w i s  1 9 7 9 )  
( 8  E6  J o i l / k g  e t h . )  ( 3 7  E3 K g  e t h / y )  = 1 . 3 6  E l l  ~ / y  
1 3 .  S e r v i c e  
B a s e d  o n  cost  i n  excess of s u g a r  cost  ( n o t e  # 9 )  1 9 8 1  price - 
of e t h a n o l  $ . 2 7 / l i t e r   oldem ember^ 1 9 8 2 ) ;  d e n s i t y ,  0 . 8 5  g/cm3; 
( $ 0 . 2 7 / 1 )  ( 1  E 3  l /m3)  = $ 3 i 7  
0 . 8 5  ~ / m j  
1 9 7 6  a n d  1 9 8 1  prices f o r  s u g a r  s i m i l a r  (World Bank  1 9 8 2 )  
( 1 7  T  e t h / h a / y )  ( 3 1 7  $/T e t h .  1 9 8 0 )  - ( $ 6 6 2 )  = $ 4 7 2 7  
( $ 4 7 2 7 )  ( 1 . 6 4  E l 2  S E J / $ )  = 7 . 7 5  E l 5  S E J / y  
1 4 .  E l e c t r i c i t y  
( 7  E6 J o i l  e q u i v / k g )  ( 1 7  E3  k g / h a )  = 1 . 1 9  E l l  J / y  
1 5 .  E t h a n o l  y i e l d  
( S l e s s e r  a n d  L e w i s  1 9 7 9 )  : 1 7  E3  k g / h a / y  
( 2 9 . 7  E6 J / k g  e t h . )  ( 1 7  E 3  k g / h a / y )  = 5 . 0 5  E l l  J / y  
ETR: ( 5 9 3  + 8 9 7  + 7 7 5  + 7 8 5 1 E 1 3  = 6 . 0 5  E 4  SEJ/J 5 . 0 5  E l l  J / y  
APPENDIX A18: EARTH AND SOIL 
As shownin Figure A18, the earth cycle brings up rock and 
other matter which is weathered into "earthn--the clays that go 
into soil. Then in a process that takes about 500 years--10 
times faster (or more) than earth formation--a soil profile is 
developed ("Top soil"). When there is a steady state, there are 
contributions of rocks, of by products of weathering, of earth, 
and of topsoil passing down the rivers. Most of this does n,ot 
leave the country, but goes into floodplains, deltas, etc. where 
new topsoil profiles form. 
In evaluating the potential energy storages in this part 
of the earth cycle, the process is aggregated as in Figure A18 
into two storages: earth and topsoil. For each of these there 
is an energy transformation ratio. Each is a valuable storage 
and if lost, valuable resource potential is lost. Evaluaticn of 
loss requires the outflow in excess of the formation rate of 
that material. See Table A18. 
For purposes of a national analysis, earth erosion is not 
counted as a loss unless it leaves the country faster than it 
forms. For topsoil, however, erosion that destroys the profile 
is counted a loss if it is faster than the soil profile generation 
rate. 
Note in the Figure that both formation processes are driven 
by the same embodied energy and some care may be required to avoid 
double counting for some purposes. 





Figure  A18. Diagram of e a r t h  and s o i l  
p roduc t ion  and e ros ion .  
Table A18. Eva lua t ion  of e a r t h  and t o p s o i l  p rocess  per  
square  meter.  
Foot- 
no t e  I tern 
ETR Embodied 
Actual SEJ/g So la r  Energy 
Energy o r  SE J/Y 
J/Y SEJ/J 
1 "Earth"  ( c l a y  products  
of weathering) 
31.2 g/rn2/y - 1 . 7 1 E 9 / g  5.33E10 
2 Topsoi l  formation 8.54 E5 6 -25  E4 5.34 El0  
Footnotes  f o r  Table A18 
1 .  "Ear th"  ( c l a y  produc ts  of weather ing)  
Average c o n t i n e n t a l  e a r t h  c y c l e  r a t e ,  2 . 4  cm/1000 y  assumed 
i n  s t eady  s t a t e  wi th  weathering and e r o s i o n .  Following i n  
S i e g l  ( 1  874) a f t e r  Krauskopf d 967) , and Goldick d 938) , about 
h a l f  of  rock weight i s  l o s t  dur ing  format ion of t h e  e a r t h  
by-products. 
Ear th  format ion r a t e :  
2 ( 2 . 4  E-5 m/y) ( 2 . 6  E6 g/m3 d e n s i t y )  (0 .5)  = 31.2 g/m /y 
Energy t r ans fo rma t ion  r a t i o  p e r  gram: 
(8.0 E 24  SEJ/y) 
= 1.71 E9 SEJ/g e a r t h  
(31.2 g/m2/y) (1.5 El4 mL c o n t i n e n t  a r e a )  
2 .  Topsoi l  format ion 
Organic mater used a s  index f o r  a c t u a l  o rgan ic  matter.'; 
3% o rgan ic  ma t t e r  f o r  45 cm p r o f i l e  (Brady 1974);  t ime of 
formation:  500 yea r s  (Jenny 1980) when i n  n a t u r a l  vege t a t i on .  
Weight formed: 
3  ( .  45 m)  ( 1 . 4  E6 g/m ) (0.03 o rgan ic )  (5.4 kca l /g )  ( 4 1  8 6  J / k c a l )  
Actual  energy flow i n  t o p s o i l  s t o r a g e :  
ETR: ( 8 . 0  E 2 4  S E J / ~ )  = 6 . 2 5  E 4  S E J / J  
( 8 . 5 4  E 5  ~ / m ~ / ~ )  ( 1 . 5  E l 4  m2) 
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APPENDIX A19: CATTLE I N  I N D I A  
With d a t a  g ive n  by M i t c h e l l  (1979) t h e  sys tem of  c a t t l e  i n  
I n d i a  was e v a l u a t e d  i n c l u d i n g  a s  p r o d u c t s ,  dung,  b u t t e r ,  m i lk ,  
work of  t h e  b u l l o c k s ,  and c a l v e s  (Tab le  A19 and F i g u r e  A19).  
Labor was drawn from t h o s e  be ing  suppor ted  by t h e  sys tem and no 
n e t  o u t s i d e  embodied energy o f  l a b o r  was assumed. 

Table  A19. Energy f lows  i n  c a t t l e -dung  sys tem i n  I n d i a  on one 
h e c t a r e .  See F igu re  A19. Data from M i t c h e l l ,  1979. 
Foot- 
no te  Item 
Actual  ETR Embodied 
energy SE kca l /  So l a r  energy 
Kcal/y k c a l  E l0  SE kcal /y  
D i r e c t  sun 1.4 El0 
Water use :  ra in- runof f  7.4 E6 
Straw, fo rage ,  g r az ing  2.57 E7 
Bullock f eed ,  vege t a t i on  1.58 E7 
Cow f e e d ,  vege t a t i on  0.99 E7 
Other food, mustard o i l  cake 6.36 E5 
Bullock work produced 5.9 E5 
Milk product ion  1 .91  E5 
Calf p roduct ion  1 .06  E4 
Dung product ion  4.2 E6 
B u t t e r  p roduct ion  3-25 E4 
Labor - 
Footno tes  f o r  Table  A19 
Data from M i t c h e l l ,  1979, u n l e s s  i n d i c a t e d .  
1 .  Sun 
1.75 ~ 1 0  kca l /ha /y ,  0.20 a lbedo  = 1.4  El0 kca l /ha /y .  
2. Water use :  r a i n  - runof f  
Rain : 1.05 m/y, r u n o f f :  1.4 El2 m3/y (Rao 1975) 
Per  h e c t a r e :  
2  2 (740.6 kcal/m /y )  (1  E 4  m /ha )  = 7.406 E6 kcal /ha /y  
3. S t raw,  f o r a g e ,  g r a z i n g  used by c a t t l e  
Grass  p ro d u c t i o n :  2.14 E7 kcal /ha /y ;  each  cow a t e  
14.0 E3 kca l /day  = 5.1 E6 kca l /y .  
(5.1 E6 kca l / cow) / (2 .14  E7 kca l /ha /y )  = 0.24 ha f o r  each  
cow = 4 c a t t l e / h a .  
Sum of food used by 2  b u l l o c k s  and 2  cows (F oo tno t e s  4 and 5 )  
= 2.57 E7 kcal /ha /y  
Footnotes for Table A19 continued 
ETR : 1 1 . 1  ~ 1 0  SE kcal/ha/y = 4319  2 .57  E7 kcal/ha/y 
4.  Vegetation for 2  bullocks per hectare 
( 2 )  ( 2 . 1 7  E4 kcal/ind./d) ( 3 6 5  d) = 1 . 5 8  E7 kcal/ha/y 
Proportion of cattle food: 1 . 5 8 / 2 . 5 7  = 0 . 6 2  
5 .  Vegetation for 2  cows per hectare 
( 2 )  ( 1 . 3 6  E4 kcal/ind./d) ( 3 6 5  d) = 0 .99  E7 kcal/ha/y 
Proportion of cattle food: 0 .99 /2 .57  = 0 . 3 8  
6 .  Other food, mustard oil cake, mostly for bullocks 
872 kcal/day/animal; 2  bullocks/ha 
( 8 7 2  kcal/day/bullock) ( 2 ) ( 3 6 5 )  = 6 . 3 6  E5 kcal/ha/y 
ETR for corn used. 
9  7 .  Output of bullock work: 0 .56  x 1 0  kcal/y for 3770  cattle. 
Proportion of food used by bullocks: oil cake and 0 . 6 2  
of vegetation. 
( 0 . 6 2 )  (11 .1  E l 0  SE kcal) + ( 1 . 7  E l 0  SE kcal) 
ETR of bullock work: 8 . 6  E l 0  SE kcal/ha/y 5 . 9  E5 kcal 
8 .  Production of milk: 0 . 1 8  E9 kcal/y for 3770  cattle. 
[(0.18 E 9 ) / ( 3 7 7 0 ) ] ( 4 )  = 1 . 9 1  E5 kcal/ha/y 
food used 0 . 3 8  of total cattle vegetation 
( 0 . 3 8 ) ( 1 1 . 1  E l 0  SE kcal) = 4 .22  E l 0  SE kcal/ha/y 
ETR of milk production: 
4 . 2 2  SE kcal = 2 .21  E5 SE kcal/kcal milk production 1 . 9 1  E5 kcal 
F o o t n o t e s  f o r  T a b l e  A19 c o n t i n u e d  
9 .  P r o d u c t i o n  o f  calves: 0.01 E9 k c a l / y  f o r  3770 ca t t l e .  
[ .(0.01 E 9 ) / ( 3 7 7 0 ) ] ( 4 )  = 1.06 E4 k c a l / h a / y  
Food u s e d  0 .38  o f  t o t a l  c a t t e l  v e g e t a t i o n ;  
4.22 E l 0  SE k c a l / h a / y  
ETR o f  c a l f  p r o d u c t i o n :  
4.22 ~ 1 0  SE k c a l  
1 .06  E4 k c a l  = 3.98 E6 SE k c a l / k c a l  c a l f  p r o d u c t i o n  
10 .  P r o d u c t i o n  o f  dung:  3 .93  E9 k c a l / y  f o r  3770 c a t t l e  
L(3.93 ~ 9 ) / ( 3 7 7 0 ) ] ( 4 )  = 4.17 E6 k c a l / h a / y  
ETR o f  dung p r o d u c t i o n :  
T o t a l  f o o d :  12 .8  E l 0  SE k c a l / h a / y  
1 2 *  SE kcal = 3.0 E5 SE k c a l / k c a l  dung p r o d u c e d  
4.2 E6 k c a l  
B u t t e r  p r o d u c t i o n  
4.5% b u t t e r  f a t  i n  t h e  m i l k ;  h a l f  removed t o  fo rm b u t t e r ;  
9 . 4  k c a l / g  b u t t e r ;  2 .21  E5 k g  m i l k  p e r  1400 h e c t a r e s .  
(2 .21  E8 g m i l k )  ( 0 . 0 4 7 )  ( 0 . 5 )  ( 9 . 4  k c a l )  = 3 .25  E4 k c a l / h a / y  
1500 h a  
ETR o f  b u t t e r :  
* 22 SE kcal 
= 1.29 E6 SE k c a l / k c a l  b u t t e r  p r o d u c t i o n  3.25 E4 k c a l  
12 .  Labo r  
Much of  t h e  l a b o r  i s  s u p p o r t e d  f rom w i t h i n  t h e  s y s t e m  and  
i s  n o t  a s e p a r a t e  s o u r c e  of  embodied e n e r g y .  
